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Two quotations from the experimental papers presented in this publication:

"... The search for the Higgs boson, the only elementary particle in the Standard Model that has not yet been observed, is one
of the highlights of the Large Hadron Collider physics program.”

- ATLAS Collaboration

" ... The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented
here are consistent, ... with expectations for a standard model Higgs boson."

- CMS Collaboration



The discovery at CERN of a particle, most probably identifiable with the Scalar boson introduced by Brout and myself as
part and parcel of a mechanism giving mass to gauge fields, is an impressive historic event. Writing these notes, I revive
the intensity of these early collaborations with my companion in physics and lifelong friend Robert Brout who
contributed so much to set the stage for this discovery but unfortunately passed away last year and missed its dramatic
announcement.

Our approach was done in the quantum field theory framework. Shortly after, the same scheme was proposed
independently by Higgs using the classical field approach. The mechanism proposed in these two approaches not only
allowed for gauge field masses but also permitted the spontaneous generation of elementary fermion masses in chiral
theories [such as SU(2)left X U(1)] by absorbing the unobserved massless Nambu-Goldstone bosons in the massive
gauge fields. This was realized in the Electroweak Theory proposed in 1967 by Weinberg.

The importance of the discovery of the Scalar boson is that it provides a direct verification of the mechanism, which for
the first time led to a renormalizable and hence consistent quantum theory of charged gauge vector bosons. This was
proven in 1971 by ‘t Hooft and Veltman, and a qualitative understanding of the issues involved emerges in comparing
the two aforementioned approaches. The renormalizability of the mechanism opened the way to the modern view of
unified laws of nature.

Not only does the discovery yield the missing link to the present Standard Model theory of elementary particles, but a

detailed analysis of the decays, in particular of the decay of the Scalar to two photons which is sensitive to loops of
intermediated charged particles, will possibly yield information about the spectrum beyond the Standard Model.

Prof. Frangois Englert
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It is somewhat surreal to find that work we did nearly fifty years ago is once again at the centre of attention.

This is a triumph for the standard model of particle physics, but even more for the experimenters.

The achievement of the two great experimental collaborations reported here is quite magnificent. They have devoted
decades to planning, designing, building and operating these huge pieces of precision engineering.

It is great to know that the famous boson almost certainly exists, and we are eagerly waiting for detailed measurement
of its properties.

Prof. Tom Kibble Prof. Carl R. Hagen Prof. Gerald Guralnik
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Captions from CMS:

Front Cover, top figure:

Results from the CMS search for the Higgs boson decaying to two photons. The plot shows the diphoton mass spectrum, where the Higgs
boson signal would manifest itself as a “bump” on top of a smoothly falling background. As the search is carried out in a number of
diphoton categories of different quality and kinematic criteria, and thus with different signal-to-background ratios, the categories are not
simply summed together. Instead, a weighted sum, emphasizing the contribution of categories with the best signal-to-background ratio, is
shown. The inset is an artistic view of the same mass spectrum zoomed on the peak region.

Previous page, bottom figure:

CMS event display:

View of a Higgs boson H — y y candidate event.

The trajectories of the two photons are indicated in dotted yellow lines, while the height of the green towers at the end of dotted
lines indicate the energy measured in the electromagnetic calorimeter. The orange lines show the trajectories of charged particles, as
reconstructed in the CMS tracking detector, while the orange towers display the energy in the hadronic calorimeter.

Captions from ATLAS:

Front cover, bottom figure:

Results of the ATLAS Standard Model Higgs boson searches.

The solid line shows the observed probability (local pg) for background processes to be consistent with the data.

No significant deviation from the background expectation is observed anywhere in the explored mass region, except for mH ~126 GeV.
The probability that the data are due to background for mH ~126 GeV is 1.7 x 1072, corresponding to a signal significance of 5.9¢.

The insert shows a zoom of this region, together with the expected probability for a Standard Model Higgs boson at a given mass (dashed
line with the +10 uncertainty band).

Previous page, top figure:

ATLAS Event display:

Cut-away view of a Higgs boson H — ZZ — ete~ u* ™ candidate event.

The muons are indicated in red, penetrating through the detector to the muon chambers.

The electrons are picked out in green, associated with narrow clusters of energy in the electromagnetic calorimeter.
The inset shows the eleven reconstructed collision vertices, with the four lepton tracks coming from the same vertex.

Front Cover, background figure:
Aerial view of CERN indicating the scale of the Large Hadron Collider (LHC) ring. Image source for cover background © 2001 CERN
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A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector at
the LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb~!
collected at /s =7 TeV in 2011 and 5.8 fb~! at /s =8 TeV in 2012. Individual searches in the channels
H—ZZ® -4, H—yy and H> WW® — evpv in the 8 TeV data are combined with previously
published results of searches for H — ZZ®, WW®, bb and T77~ in the 7 TeV data and results from

improved analyses of the H — ZZ® — 4¢ and H — yy channels in the 7 TeV data. Clear evidence for
the production of a neutral boson with a measured mass of 126.04+0.4 (stat) £0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7 x 10~2, is compatible with the production and decay of the Standard Model

Higgs boson.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics [1-4] has been
tested by many experiments over the last four decades and has
been shown to successfully describe high energy particle interac-
tions. However, the mechanism that breaks electroweak symmetry
in the SM has not been verified experimentally. This mechanism
[5-10], which gives mass to massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of my < 158 GeV
at 95% confidence level (CL) have been set using global fits to pre-
cision electroweak results [12]. Direct searches at LEP [13], the
Tevatron [14-16] and the LHC [17,18] have previously excluded, at
95% CL, a SM Higgs boson with mass below 600 GeV, apart from
some mass regions between 116 GeV and 127 GeV.

Both the ATLAS and CMS Collaborations reported excesses of
events in their 2011 datasets of proton-proton (pp) collisions at
centre-of-mass energy /s =7 TeV at the LHC, which were compat-
ible with SM Higgs boson production and decay in the mass region
124-126 GeV, with significances of 2.9 and 3.1 standard deviations
(o), respectively [17,18]. The CDF and D@ experiments at the Teva-
tron have also recently reported a broad excess in the mass region

* © CERN for the benefit of the ATLAS Collaboration.
* E-mail address: atlas.publications@cern.ch.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.020

120-135 GeV; using the existing LHC constraints, the observed lo-
cal significances for my = 125 GeV are 2.70 for CDF [14], 110 for
D@ [15] and 2.80 for their combination [16].

The previous ATLAS searches in 4.6-4.8 fb~! of data at /s =
7 TeV are combined here with new searches for H — ZZ® — 4¢,!
H—yy and H—> WW® — evuv in the 5.8-5.9 fb~! of pp col-
lision data taken at /s = 8 TeV between April and June 2012.

The data were recorded with instantaneous luminosities up to
6.8 x 103 cm™2s~!; they are therefore affected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV data, the average number of interactions per
bunch crossing was approximately 10; the average increased to ap-
proximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H — ZZ® — 4¢ and H — yy
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frozen before looking
at the 8 TeV data.

In the H - WW® — ¢vfv channel, the increased pile-up de-
teriorates the event missing transverse momentum, E?iss, resolu-
tion, which results in significantly larger Drell-Yan background in
the same-flavour final states. Since the ew channel provides most
of the sensitivity of the search, only this final state is used in
the analysis of the 8 TeV data. The kinematic region in which a
SM Higgs boson with a mass between 110 GeV and 140 GeV is

1 The symbol ¢ stands for electron or muon.
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searched for was kept blinded during the analysis optimisation,
until satisfactory agreement was found between the observed and
predicted numbers of events in control samples dominated by the
principal backgrounds.

This Letter is organised as follows. The ATLAS detector is briefly
described in Section 2. The simulation samples and the signal
predictions are presented in Section 3. The analyses of the H —
ZZ® - 4¢, H— yy and H—> WW® — evpv channels are de-
scribed in Sections 4-6, respectively. The statistical procedure used
to analyse the results is summarised in Section 7. The systematic
uncertainties which are correlated between datasets and search
channels are described in Section 8. The results of the combina-
tion of all channels are reported in Section 9, while Section 10
provides the conclusions.

2. The ATLAS detector

The ATLAS detector [19-21] is a multipurpose particle physics
apparatus with forward-backward symmetric cylindrical geometry.
The inner tracking detector (ID) consists of a silicon pixel detec-
tor, a silicon microstrip detector (SCT), and a straw-tube transition
radiation tracker (TRT). The ID is surrounded by a thin supercon-
ducting solenoid which provides a 2 T magnetic field, and by high-
granularity liquid-argon (LAr) sampling electromagnetic calorime-
try. The electromagnetic calorimeter is divided into a central bar-
rel (pseudorapidity? |n| < 1.475) and end-cap regions on either
end of the detector (1.375 < |n| < 2.5 for the outer wheel and
2.5 < |n| < 3.2 for the inner wheel). In the region matched to the
ID (|n| < 2.5), it is radially segmented into three layers. The first
layer has a fine segmentation in 7 to facilitate e/y separation from
70 and to improve the resolution of the shower position and di-
rection measurements. In the region |n| < 1.8, the electromagnetic
calorimeter is preceded by a presampler detector to correct for
upstream energy losses. An iron-scintillator/tile calorimeter gives
hadronic coverage in the central rapidity range (|n| < 1.7), while
a LAr hadronic end-cap calorimeter provides coverage over 1.5 <
In| < 3.2. The forward regions (3.2 < || < 4.9) are instrumented
with LAr calorimeters for both electromagnetic and hadronic mea-
surements. The muon spectrometer (MS) surrounds the calorime-
ters and consists of three large air-core superconducting magnets
providing a toroidal field, each with eight coils, a system of pre-
cision tracking chambers, and fast detectors for triggering. The
combination of all these systems provides charged particle mea-
surements together with efficient and precise lepton and photon
measurements in the pseudorapidity range |n| < 2.5. Jets and E%‘iss
are reconstructed using energy deposits over the full coverage of
the calorimeters, || < 4.9.

3. Signal and background simulation samples

The SM Higgs boson production processes considered in this
analysis are the dominant gluon fusion (gg — H, denoted ggF),
vector-boson fusion (qq¢" — qq'H, denoted VBF) and Higgs-strah-
lung (q¢’ — WH, ZH, denoted WH/ZH). The small contribution
from the associated production with a tt pair (qq/gg — ttH, de-
noted ttH) is taken into account only in the H — yy analysis.

For the ggF process, the signal cross section is computed at up
to next-to-next-to-leading order (NNLO) in QCD [22-28]. Next-to-

2 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector, and the z-axis along the beam
line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢
being the azimuthal angle around the beam line. Observables labelled “transverse”
are projected into the x-y plane. The pseudorapidity is defined in terms of the polar
angle 6 as n = —Intan(6/2).

Table 1

Event generators used to model the signal and background processes. “PYTHIA”
indicates that PYTHIAG6 and PYTHIAS are used for simulations of /s =7 TeV and
/s =8 TeV data, respectively.

Process Generator
ggF, VBF POWHEG [57,58] + PYTHIA
WH, ZH, ttH PYTHIA

W +jets, Z/y* + jets ALPGEN [59] + HERWIG
tt, tW, th MC@NLO [60] + HERWIG
tgb AcerMC [61] + PYTHIA

qq—> WW MC@NLO + HERWIG

gg—> WW gg2WW [62] + HERWIG

qq— 27 POWHEG [63] + PYTHIA

g8 —> 277 29277 [64] + HERWIG

wz MadGraph + PYTHIA, HERWIG
Wy + jets ALPGEN + HERWIG

Wy* [65] MadGraph + PYTHIA

qq/88 —> vy SHERPA

leading order (NLO) electroweak (EW) corrections are applied [29,
30], as well as QCD soft-gluon re-summations at up to next-to-
next-to-leading logarithm (NNLL) [31]. These calculations, which
are described in Refs. [32-35], assume factorisation between QCD
and EW corrections. The transverse momentum, pr, spectrum
of the Higgs boson in the ggF process follows the HgT calcu-
lation [36], which includes QCD corrections at NLO and QCD
soft-gluon re-summations up to NNLL; the effects of finite quark
masses are also taken into account [37].

For the VBF process, full QCD and EW corrections up to NLO
[38-41] and approximate NNLO QCD corrections [42] are used
to calculate the cross section. Cross sections of the associated
WH/ZH processes (VH) are calculated including QCD corrections
up to NNLO [43-45] and EW corrections up to NLO [46]. The cross
sections for the ttH process are estimated up to NLO QCD [47-51].

The total cross sections for SM Higgs boson production at the
LHC with my = 125 GeV are predicted to be 17.5 pb for /s =
7 TeV and 22.3 pb for /s =8 TeV [52,53].

The branching ratios of the SM Higgs boson as a function of
my, as well as their uncertainties, are calculated using the HDE-
CAY [54] and PROPHECY4F [55,56] programs and are taken from
Refs. [52,53]. The interference in the H — ZZ™ — 4¢ final states
with identical leptons is taken into account [55,56,53].

The event generators used to model signal and background pro-
cesses in samples of Monte Carlo (MC) simulated events are listed
in Table 1. The normalisations of the generated samples are ob-
tained from the state of the art calculations described above. Sev-
eral different programs are used to generate the hard-scattering
processes. To generate parton showers and their hadronisation, and
to simulate the underlying event [66-68], PYTHIA6 [69] (for 7 TeV
samples and 8 TeV samples produced with MadGraph [70,71] or
AcerMC) or PYTHIAS8 [72] (for other 8 TeV samples) are used. Al-
ternatively, HERWIG [73] or SHERPA [74] are used to generate and
hadronise parton showers, with the HERWIG underlying event sim-
ulation performed using JIMMY [75]. When PYTHIA6 or HERWIG
are used, TAUOLA [76] and PHOTOS [77] are employed to describe
tau lepton decays and additional photon radiation from charged
leptons, respectively.

The following parton distribution function (PDF) sets are used:
CT10 [78] for the POWHEG, MC@NLO, gg2WW and gg2ZZ samples;
CTEQ6L1 [79] for the PYTHIA8, ALPGEN, AcerMC, MadGraph, HER-
WIG and SHERPA samples; and MRSTMCal [80] for the PYTHIA6
samples.

Acceptances and efficiencies are obtained mostly from full sim-
ulations of the ATLAS detector [81] using GEANT4 [82]. These sim-
ulations include a realistic modelling of the pile-up conditions
observed in the data. Corrections obtained from measurements in
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data are applied to account for small differences between data and
simulation (e.g. large samples of W, Z and J/v decays are used
to derive scale factors for lepton reconstruction and identification
efficiencies).

4. H—> ZZ™ - 4¢ channel

The search for the SM Higgs boson through the decay H —
ZZ™ — 4¢, where £ =e or u, provides good sensitivity over
a wide mass range (110-600 GeV), largely due to the excel-
lent momentum resolution of the ATLAS detector. This analysis
searches for Higgs boson candidates by selecting two pairs of iso-
lated leptons, each of which is comprised of two leptons with
the same flavour and opposite charge. The expected cross sec-
tion times branching ratio for the process H — ZZ® — 4¢ with
my =125 GeV is 2.2 fb for /s =7 TeV and 2.8 fb for /s =8 TeV.

The largest background comes from continuum (Z®) /y*)(Z®/
y*) production, referred to hereafter as ZZ™). For low masses
there are also important background contributions from Z + jets
and tt production, where charged lepton candidates arise either
from decays of hadrons with b- or c-quark content or from mis-
identification of jets.

The 7 TeV data have been re-analysed and combined with the
8 TeV data. The analysis is improved in several aspects with re-
spect to Ref. [83] to enhance the sensitivity to a low-mass Higgs
boson. In particular, the kinematic selections are revised, and the
8 TeV data analysis benefits from improvements in the electron re-
construction and identification. The expected signal significances
for a Higgs boson with my = 125 GeV are 1.60 for the 7 TeV data
(to be compared with 1.25¢ in Ref. [83]) and 2.10 for the 8 TeV
data.

4.1. Event selection

The data are selected using single-lepton or dilepton triggers.
For the single-muon trigger, the pr threshold is 18 GeV for the
7 TeV data and 24 GeV for the 8 TeV data, while for the single-
electron trigger the transverse energy, Et, threshold varies from
20 GeV to 22 GeV for the 7 TeV data and is 24 GeV for the 8 TeV
data. For the dielectron triggers, the thresholds are 12 GeV for both
electrons. For the dimuon triggers, the thresholds for the 7 TeV
data are 10 GeV for each muon, while for the 8 TeV data the
thresholds are 13 GeV. An additional asymmetric dimuon trigger
is used in the 8 TeV data with thresholds 18 GeV and 8 GeV for
the leading and sub-leading muon, respectively.

Muon candidates are formed by matching reconstructed ID
tracks with either a complete track or a track-segment recon-
structed in the MS [84]. The muon acceptance is extended with
respect to Ref. [83] using tracks reconstructed in the forward re-
gion of the MS (2.5 < |n| < 2.7), which is outside the ID coverage.
If both an ID and a complete MS track are present, the two inde-
pendent momentum measurements are combined; otherwise the
information of the ID or the MS is used alone. Electron candidates
must have a well-reconstructed ID track pointing to an electro-
magnetic calorimeter cluster and the cluster should satisfy a set of
identification criteria [85] that require the longitudinal and trans-
verse shower profiles to be consistent with those expected for
electromagnetic showers. Tracks associated with electromagnetic
clusters are fitted using a Gaussian-Sum Filter [86], which allows
for bremsstrahlung energy losses to be taken into account.

Each electron (muon) must satisfy pr > 7 GeV (pt > 6 GeV) and
be measured in the pseudorapidity range |n| < 2.47 (|n| < 2.7).
All possible quadruplet combinations with same-flavour opposite-
charge lepton pairs are then formed. The most energetic lepton in
the quadruplet must satisfy pt > 20 GeV, and the second (third)

lepton in pp order must satisfy pr > 15 GeV (pr > 10 GeV).
At least one of the leptons must satisfy the single-lepton trig-
ger or one pair must satisfy the dilepton trigger requirements.
The leptons are required to be separated from each other by
AR = /(An)? + (A¢)? > 0.1 if they are of the same flavour and
by AR > 0.2 otherwise. The longitudinal impact parameters of the
leptons along the beam axis are required to be within 10 mm of
the reconstructed primary vertex. The primary vertex used for the
event is defined as the reconstructed vertex with the highest > p%
of associated tracks and is required to have at least three tracks
with pt > 0.4 GeV. To reject cosmic rays, muon tracks are required
to have a transverse impact parameter, defined as the distance of
closest approach to the primary vertex in the transverse plane, of
less than 1 mm.

The same-flavour and opposite-charge lepton pair with an in-
variant mass closest to the Z boson mass (mz) in the quadruplet
is referred to as the leading lepton pair. Its invariant mass, de-
noted by my3, is required to be between 50 GeV and 106 GeV. The
remaining same-flavour, opposite-charge lepton pair is the sub-
leading lepton pair. Its invariant mass, msg4, is required to be in the
range Mmin < M3a < 115 GeV, where the value of mp;, depends
on the reconstructed four-lepton invariant mass, myg,. The value
of mpi, varies monotonically from 17.5 GeV at m4y = 120 GeV to
50 GeV at myy = 190 GeV [87] and is constant above this value. All
possible lepton pairs in the quadruplet that have the same flavour
and opposite charge must satisfy my, > 5 GeV in order to reject
backgrounds involving the production and decay of /¢ mesons.
If two or more quadruplets satisfy the above selection, the one
with the highest value of ms4 is selected. Four different analysis
sub-channels, 4e, 2e2u, 2p42e and 4, arranged by the flavour of
the leading lepton pair, are defined.

Non-prompt leptons from heavy flavour decays, electrons from
photon conversions and jets mis-identified as electrons have
broader transverse impact parameter distributions than prompt
leptons from Z boson decays and/or are non-isolated. Thus, the
Z + jets and tt background contributions are reduced by applying
a cut on the transverse impact parameter significance, defined as
the transverse impact parameter divided by its uncertainty, do/0g,.
This is required to be less than 3.5 (6.5) for muons (electrons). The
electron impact parameter is affected by bremsstrahlung and thus
has a broader distribution.

In addition, leptons must satisfy isolation requirements based
on tracking and calorimetric information. The normalised track
isolation discriminant is defined as the sum of the transverse mo-
menta of tracks inside a cone of size AR =0.2 around the lepton
direction, excluding the lepton track, divided by the lepton pr. The
tracks considered in the sum are those compatible with the lep-
ton vertex and have pt > 0.4 GeV (pr > 1 GeV) in the case of
electron (muon) candidates. Each lepton is required to have a nor-
malised track isolation smaller than 0.15. The normalised calori-
metric isolation for electrons is computed as the sum of the Et
of positive-energy topological clusters [88] with a reconstructed
barycentre falling within a cone of size AR =0.2 around the can-
didate electron cluster, divided by the electron Et. The algorithm
for topological clustering suppresses noise by keeping cells with
a significant energy deposit and their neighbours. The summed
energy of the cells assigned to the electron cluster is excluded,
while a correction is applied to account for the electron energy de-
posited outside the cluster. The ambient energy deposition in the
event from pile-up and the underlying event is accounted for using
a calculation of the median transverse energy density from low-
pr jets [89,90]. The normalised calorimetric isolation for electrons
is required to be less than 0.20. The normalised calorimetric isola-
tion discriminant for muons is defined by the ratio to the prt of the
muon of the Et sum of the calorimeter cells inside a cone of size
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AR = 0.2 around the muon direction minus the energy deposited
by the muon. Muons are required to have a normalised calorimet-
ric isolation less than 0.30 (0.15 for muons without an associated
ID track). For both the track- and calorimeter-based isolation, any
contributions arising from other leptons of the quadruplet are sub-
tracted.

The combined signal reconstruction and selection efficiencies
for a SM Higgs with my = 125 GeV for the 7 TeV (8 TeV) data
are 37% (36%) for the 4 channel, 20% (22%) for the 2e2u/2u2e
channels and 15% (20%) for the 4e channel.

The 4¢ invariant mass resolution is improved by applying a
Z-mass constrained kinematic fit to the leading lepton pair for
mqe < 190 GeV and to both lepton pairs for higher masses. The
expected width of the reconstructed mass distribution is domi-
nated by the experimental resolution for my < 350 GeV, and by
the natural width of the Higgs boson for higher masses (30 GeV
at my =400 GeV). The typical mass resolutions for my = 125 GeV
are 1.7 GeV, 1.7 GeV/[2.2 GeV and 2.3 GeV for the 4y, 2e2u/2u2e
and 4e sub-channels, respectively.

4.2. Background estimation

The expected background yield and composition are estimated
using the MC simulation normalised to the theoretical cross sec-
tion for ZZ™ production and by methods using control regions
from data for the Z + jets and tt processes. Since the background
composition depends on the flavour of the sub-leading lepton pair,
different approaches are taken for the ¢¢ + puu and the ¢4 + ee
final states. The transfer factors needed to extrapolate the back-
ground yields from the control regions defined below to the signal
region are obtained from the MC simulation. The MC description of
the selection efficiencies for the different background components
has been verified with data.

The reducible £¢ + pp background is dominated by tf and
Z + jets (mostly Zbb) events. A control region is defined by re-
moving the isolation requirement on the leptons in the sub-leading
pair, and by requiring that at least one of the sub-leading muons
fails the transverse impact parameter significance selection. These
modifications remove ZZ® contributions, and allow both the tf
and Z + jets backgrounds to be estimated simultaneously using
a fit to the mj distribution. The tf background contribution is
cross-checked by selecting a control sample of events with an op-
posite charge ep pair with an invariant mass between 50 GeV and
106 GeV, accompanied by an opposite-charge muon pair. Events
with a Z candidate decaying to a pair of electrons or muons in
the aforementioned mass range are excluded. Isolation and trans-
verse impact parameter significance requirements are applied only
to the leptons of the ey pair.

In order to estimate the reducible £¢ + ee background, a control
region is formed by relaxing the selection criteria for the elec-
trons of the sub-leading pair. The different sources of electron
background are then separated into categories consisting of non-
prompt leptons from heavy flavour decays, electrons from photon
conversions and jets mis-identified as electrons, using appropri-
ate discriminating variables [91]. This method allows the sum of
the Z + jets and tt background contributions to be estimated. As
a cross-check, the same method is also applied to a similar con-
trol region containing same-charge sub-leading electron pairs. An
additional cross-check of the ¢¢ + ee background estimation is per-
formed by using a control region with same-charge sub-leading
electron pairs, where the three highest pr leptons satisfy all the
analysis criteria whereas the selection cuts are relaxed for the re-
maining electrons. All the cross-checks yield consistent results.

The data-driven background estimates are summarised in Ta-
ble 2. The distribution of ms4, for events selected by the analysis

Table 2

Summary of the estimated numbers of Z + jets and tt background events, for the
/s=7TeV and /s =8 TeV data in the entire phase-space of the analysis after the
kinematic selections described in the text. The backgrounds are combined for the
212e and 4e channels, as discussed in the text. The first uncertainty is statistical,
while the second is systematic.

Background Estimated numbers of events
Js=7TeV J/s=8TeV
4p
Z + jets 03+0.1£0.1 0.5+0.1£0.2
tt 0.02+0.02£0.01 0.04+0.02 £0.02
2e2.
Z + jets 0.24+0.1£0.1 044+0.1£0.1
tt 0.02+£0.01£0.01 0.04+£0.01£0.01
2u2e
Z + jets, tt 26+04+04 494+0.8+0.7
4e
Z + jets, tt 3.1+0.6+0.5 3.94+0.7+0.8
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Fig. 1. Invariant mass distribution of the sub-leading lepton pair (ms4) for a sample
defined by the presence of a Z boson candidate and an additional same-flavour
electron or muon pair, for the combination of /s =7 TeV and /s =8 TeV data in
the entire phase-space of the analysis after the kinematic selections described in
the text. Isolation and transverse impact parameter significance requirements are
applied to the leading lepton pair only. The MC is normalised to the data-driven
background estimations. The relatively small contribution of a SM Higgs with my =
125 GeV in this sample is also shown.

except that the isolation and transverse impact parameter require-
ments for the sub-leading lepton pair are removed, is presented in
Fig. 1.

4.3. Systematic uncertainties

The uncertainties on the integrated luminosities are determined
to be 1.8% for the 7 TeV data and 3.6% for the 8 TeV data using the
techniques described in Ref. [92].

The uncertainties on the lepton reconstruction and identifi-
cation efficiencies and on the momentum scale and resolution
are determined using samples of W, Z and J/v decays [85,
84]. The relative uncertainty on the signal acceptance due to the
uncertainty on the muon reconstruction and identification effi-
ciency is £0.7% (£0.5%/%0.5%) for the 4u (2e2u/2uu2e) chan-
nel for mgy = 600 GeV and increases to +0.9% (+0.8%/1+0.5%)
for my, = 115 GeV. Similarly, the relative uncertainty on the sig-
nal acceptance due to the uncertainty on the electron reconstruc-
tion and identification efficiency is +2.6% (+1.7%/+1.8%) for the
4e (2e2/4/2u2e) channel for mg, = 600 GeV and reaches +8.0%
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Fig. 2. The distribution of the four-lepton invariant mass, my, for the selected can-
didates, compared to the background expectation in the 80-250 GeV mass range,
for the combination of the /s =7 TeV and /s =8 TeV data. The signal expectation
for a SM Higgs with my = 125 GeV is also shown.

Table 3

The numbers of expected signal (my = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size +5 GeV
around 125 GeV, for the combined /s =7 TeV and /s =8 TeV data.

Signal A Z + jets, tt Observed
4n 2.094+0.30 1.12+£0.05 0.134+0.04 6
2e2u/21u2e 2.294+0.33 0.80+0.05 1.27£0.19 5
4e 0.90+0.14 0.44 +£0.04 1.09£0.20 2

(£2.3%/£7.6%) for mgy = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty of +0.7% (£0.5%/£0.2%) on
the mass scale of the my, distribution for the 4e (2e2u/2u2e)
channel. The impact of the uncertainties on the electron energy
resolution and on the muon momentum resolution and scale are
found to be negligible.

The theoretical uncertainties associated with the signal are de-
scribed in detail in Section 8. For the SM ZZ™® background, which
is estimated from MC simulation, the uncertainty on the total yield
due to the QCD scale uncertainty is +5%, while the effect of the
PDF and « uncertainties is +4% (4+8%) for processes initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for my > 160 GeV, the measured ZZ® — 4¢
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
ZZ™ yield on the search for a Higgs boson with my < 2mz has
been studied in Ref. [87] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-
resonant gg — ZZ™® background is small and becomes negligible
for my <2my [94].

4.4. Results

The expected distributions of mg4, for the background and for
a Higgs boson signal with my = 125 GeV are compared to the
data in Fig. 2. The numbers of observed and expected events in
a window of +5 GeV around my = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
ms4 versus mypy invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near mq¢; = 125 GeV in Fig. 2
is presented in Section 9.
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Fig. 3. Distribution of the ms4 versus the mj; invariant mass, before the applica-
tion of the Z-mass constrained kinematic fit, for the selected candidates in the my,
range 120-130 GeV. The expected distributions for a SM Higgs with my = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H — yy channel

The search for the SM Higgs boson through the decay H — yy
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (yy); con-
tributions also come from y + jet and jet + jet production with
one or two jets mis-identified as photons (yj and jj) and from
the Drell-Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An Et threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest Et) cluster and to 25 GeV on the sub-leading (the
next-highest Et) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pt > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region || < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 < |n] < 1.52. Photons that convert to
electron-positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for Et > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted
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candidates. The calibration is refined by applying n-dependent cor-
rection factors, which are of the order of +1%, determined from
measured Z — ete™ events. The leading (sub-leading) photon can-
didate is required to have Et > 40 GeV (30 GeV).

Photon candidates are required to pass identification criteria
based on shower shapes in the electromagnetic calorimeter and
on energy leakage into the hadronic calorimeter [97]. For the 7 TeV
data, this information is combined in a neural network, tuned to
achieve a similar jet rejection as the cut-based selection described
in Ref. [95], but with higher photon efficiency. For the 8 TeV data,
cut-based criteria are used to ensure reliable photon performance
for recently-recorded data. This cut-based selection has been tuned
to be robust against pile-up by relaxing requirements on shower
shape criteria more susceptible to pile-up, and tightening others.
The photon identification efficiencies, averaged over 7, range from
85% to above 95% for the E1 range under consideration.

To further suppress the jet background, an isolation require-
ment is applied. The isolation transverse energy is defined as the
sum of the transverse energy of positive-energy topological clus-
ters, as described in Section 4, within a cone of size AR = 0.4
around the photon candidate, excluding the region within 0.125 x
0.175 in An x A¢ around the photon barycentre. The distributions
of the isolation transverse energy in data and simulation have been
found to be in good agreement using electrons from Z — ete~
events and photons from Z — £7£~y events. Remaining small dif-
ferences are taken into account as a systematic uncertainty. Photon
candidates are required to have an isolation transverse energy of
less than 4 GeV.

5.2. Invariant mass reconstruction

The invariant mass of the two photons is evaluated using the
photon energies measured in the calorimeter, the azimuthal angle
¢ between the photons as determined from the positions of the
photons in the calorimeter, and the values of 7 calculated from
the position of the identified primary vertex and the impact points
of the photons in the calorimeter.

The primary vertex of the hard interaction is identified by com-
bining the following information in a global likelihood: the direc-
tions of flight of the photons as determined using the longitudi-
nal segmentation of the electromagnetic calorimeter (calorimeter
pointing), the parameters of the beam spot, and the Zp% of the
tracks associated with each reconstructed vertex. In addition, for
the 7 TeV data analysis, the reconstructed conversion vertex is
used in the likelihood for converted photons with tracks contain-
ing hits in the silicon layers of the ID. The calorimeter pointing
is sufficient to ensure that the contribution of the opening angle
between the photons to the mass resolution is negligible. Using
the calorimeter pointing alone, the resolution of the vertex z coor-
dinate is ~ 15 mm, improving to ~ 6 mm for events with two
reconstructed converted photons. The tracking information from
the ID improves the identification of the vertex of the hard inter-
action, which is needed for the jet selection in the 2-jet category.

With the selection described in Section 5.1, in the diphoton in-
variant mass range between 100 GeV and 160 GeV, 23788 and
35251 diphoton candidates are observed in the 7 TeV and 8 TeV
data samples, respectively.

Data-driven techniques [98] are used to estimate the numbers
of yy, vj and jj events in the selected sample. The contribution
from the Drell-Yan background is determined from a sample of
Z — eTe~ decays in data where either one or both electrons pass
the photon selection. The measured composition of the selected
sample is approximately 74%, 22%, 3% and 1% for the yy, vj,
jj and Drell-Yan processes, respectively, demonstrating the dom-
inance of the irreducible diphoton production. This decomposition

is not directly used in the signal search; however, it is used to
study the parameterisation of the background modelling.

5.3. Event categorisation

To increase the sensitivity to a Higgs boson signal, the events
are separated into ten mutually exclusive categories having differ-
ent mass resolutions and signal-to-background ratios. An exclusive
category of events containing two jets improves the sensitivity to
VBE. The other nine categories are defined by the presence or not
of converted photons, 1 of the selected photons, and pr, the com-
ponent® of the diphoton pr that is orthogonal to the axis defined
by the difference between the two photon momenta [99,100].

Jets are reconstructed [101] using the anti-k; algorithm [102]
with radius parameter R = 0.4. At least two jets with || < 4.5
and pt > 25 GeV are required in the 2-jet selection. In the analy-
sis of the 8 TeV data, the pr threshold is raised to 30 GeV for jets
with 2.5 < |n| < 4.5. For jets in the ID acceptance (|n| < 2.5), the
fraction of the sum of the pr of tracks, associated with the jet and
matched to the selected primary vertex, with respect to the sum
of the pr of tracks associated with the jet (jet vertex fraction, JVF)
is required to be at least 0.75. This requirement on the JVF reduces
the number of jets from proton-proton interactions not associated
with the primary vertex. Motivated by the VBF topology, three ad-
ditional cuts are applied in the 2-jet selection: the difference of
the pseudorapidity between the leading and sub-leading jets (tag
jets) is required to be larger than 2.8, the invariant mass of the tag
jets has to be larger than 400 GeV, and the azimuthal angle differ-
ence between the diphoton system and the system of the tag jets
has to be larger than 2.6. About 70% of the signal events in the
2-jet category come from the VBF process.

The other nine categories are defined as follows: events with
two unconverted photons are separated into unconverted central
(In] < 0.75 for both candidates) and unconverted rest (all other
events), events with at least one converted photon are separated
into converted central (|n| < 0.75 for both candidates), converted
transition (at least one photon with 1.3 < |n| < 1.75) and con-
verted rest (all other events). Except for the converted transition
category, each category is further divided by a cut at ptc = 60 GeV
into two categories, low pt¢ and high pte. MC studies show that
signal events, particularly those produced via VBF or associated
production (WH/ZH and ttH), have on average larger pr¢ than
background events. The number of data events in each category, as
well as the sum of all the categories, which is denoted inclusive,
are given in Table 4.

5.4. Signal modelling

The description of the Higgs boson signal is obtained from
MC, as described in Section 3. The cross sections multiplied by
the branching ratio into two photons are given in Table 4 for
my = 126.5 GeV. The number of signal events produced via the
ggF process is rescaled to take into account the expected destruc-
tive interference between the gg — yy continuum background
and ggF [103], leading to a reduction of the production rate by
2-5% depending on my and the event category. For both the 7 TeV
and 8 TeV MC samples, the fractions of ggF, VBF, WH, ZH and
ttH production are approximately 88%, 7%, 3%, 2% and 0.5%, re-
spectively, for my = 126.5 GeV.

In the simulation, the shower shape distributions are shifted
slightly to improve the agreement with the data [97], and the

3 pre= 1Y +pP) x (' —p¥)1/Ip}" — p¥*|, where p}' and p}* are the trans-

verse momenta of the two photons.
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Table 4

Number of events in the data (Np) and expected number of signal events (Ns) for
my = 126.5 GeV from the H — yy analysis, for each category in the mass range
100-160 GeV. The mass resolution FWHM (see text) is also given for the 8 TeV
data. The Higgs boson production cross section multiplied by the branching ratio
into two photons (o x B(H — yy)) is listed for my = 126.5 GeV. The statistical
uncertainties on Ng and FWHM are less than 1%.

Vs 7 TeV 8 TeV

o x B(H— yy) [fb] 39 50 FWHM
Category Np Ns Np Ns [GeV]
Unconv. central, low pr¢ 2054 10.5 2945 14.2 3.4
Unconv. central, high pr¢ 97 1.5 173 2.5 3.2
Unconv. rest, low pr¢ 7129 21.6 12136 30.9 3.7
Unconv. rest, high pr¢ 444 2.8 785 5.2 3.6
Conv. central, low pr¢ 1493 6.7 2015 8.9 39
Conv. central, high prt 77 1.0 113 1.6 3.5
Conv. rest, low pr¢ 8313 21.1 11099 26.9 4.5
Conv. rest, high pr¢ 501 2.7 706 4.5 3.9
Conv. transition 3591 9.5 5140 12.8 6.1
2-jet 89 2.2 139 3.0 3.7

All categories (inclusive) 23788 79.6 35251 110.5 3.9

photon energy resolution is broadened (by approximately 1% in
the barrel calorimeter and 1.2-2.1% in the end-cap regions) to ac-
count for small differences observed between Z — ete™ data and
MC events. The signal yields expected for the 7 TeV and 8 TeV
data samples are given in Table 4. The overall selection efficiency
is about 40%.

The shape of the invariant mass of the signal in each category
is modelled by the sum of a Crystal Ball function [104], describ-
ing the core of the distribution with a width ocg, and a Gaussian
contribution describing the tails (amounting to < 10%) of the mass
distribution. The expected full-width-at-half-maximum (FWHM) is
3.9 GeV and o¢p is 1.6 GeV for the inclusive sample. The resolution
varies with event category (see Table 4); the FWHM is typically a
factor 2.3 larger than ocp.

5.5. Background modelling

The background in each category is estimated from data by fit-
ting the diphoton mass spectrum in the mass range 100-160 GeV
with a selected model with free parameters of shape and normal-
isation. Different models are chosen for the different categories to
achieve a good compromise between limiting the size of a po-
tential bias while retaining good statistical power. A fourth-order
Bernstein polynomial function [105] is used for the unconverted rest
(low ptt), converted rest (low pt¢) and inclusive categories, an expo-
nential function of a second-order polynomial for the unconverted
central (low pt¢), converted central (low pr¢) and converted transition
categories, and an exponential function for all others.

Studies to determine the potential bias have been performed
using large samples of simulated background events comple-
mented by data-driven estimates. The background shapes in the
simulation have been cross-checked using data from control re-
gions. The potential bias for a given model is estimated, separately
for each category, by performing a maximum likelihood fit to large
samples of simulated background events in the mass range 100-
160 GeV, of the sum of a signal plus the given background model.
The signal shape is taken to follow the expectation for a SM
Higgs boson; the signal yield is a free parameter of the fit. The
potential bias is defined by the largest absolute signal yield ob-
tained from the likelihood fit to the simulated background samples
for hypothesised Higgs boson masses in the range 110-150 GeV.
A pre-selection of background parameterisations is made by re-
quiring that the potential bias, as defined above, is less than 20%
of the statistical uncertainty on the fitted signal yield. The pre-

selected parameterisation in each category with the best expected
sensitivity for my = 125 GeV is selected as the background model.

The largest absolute signal yield as defined above is taken as
the systematic uncertainty on the background model. It amounts
to +(0.2-4.6) and +(0.3-6.8) events, depending on the category
for the 7 TeV and 8 TeV data samples, respectively. In the final fit
to the data (see Section 5.7) a signal-like term is included in the
likelihood function for each category. This term incorporates the
estimated potential bias, thus providing a conservative estimate of
the uncertainty due to the background modelling.

5.6. Systematic uncertainties

Hereafter, in cases where two uncertainties are quoted, they
refer to the 7 TeV and 8 TeV data, respectively. The dominant
experimental uncertainty on the signal yield (+8%, +11%) comes
from the photon reconstruction and identification efficiency, which
is estimated with data using electrons from Z decays and pho-
tons from Z — £7¢~y events. Pile-up modelling also affects the
expected yields and contributes to the uncertainty (44%). Further
uncertainties on the signal yield are related to the trigger (+1%),
photon isolation (40.4%, +0.5%) and luminosity (+1.8%, +3.6%).
Uncertainties due to the modelling of the underlying event are
+6% for VBF and +30% for other production processes in the 2-jet
category. Uncertainties on the predicted cross sections and branch-
ing ratio are summarised in Section 8.

The uncertainty on the expected fractions of signal events in
each category is described in the following. The uncertainty on the
knowledge of the material in front of the calorimeter is used to de-
rive the amount of possible event migration between the converted
and unconverted categories (+4%). The uncertainty from pile-up
on the population of the converted and unconverted categories is
+2%. The uncertainty from the jet energy scale (JES) amounts to
up to £19% for the 2-jet category, and up to +4% for the other
categories. Uncertainties from the JVF modelling are +12% (for the
8 TeV data) for the 2-jet category, estimated from Z + 2-jets events
by comparing data and MC. Different PDFs and scale variations in
the HQT calculations are used to derive possible event migration
among categories (+£9%) due to the modelling of the Higgs boson
kinematics.

The total uncertainty on the mass resolution is +14%. The
dominant contribution (£12%) comes from the uncertainty on the
energy resolution of the calorimeter, which is determined from
Z — e*e™ events. Smaller contributions come from the imperfect
knowledge of the material in front of the calorimeter, which af-
fects the extrapolation of the calibration from electrons to photons
(£6%), and from pile-up (+4%).

5.7. Results

The distributions of the invariant mass, my, of the diphoton
events, summed over all categories, are shown in Fig. 4(a) and (b).
The result of a fit including a signal component fixed to my =
126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed.

The statistical analysis of the data employs an unbinned like-
lihood function constructed from those of the ten categories of
the 7 TeV and 8 TeV data samples. To demonstrate the sensitiv-
ity of this likelihood analysis, Figs. 4(c) and (d) also show the
mass spectrum obtained after weighting events with category-
dependent factors reflecting the signal-to-background ratios. The
weight w; for events in category i € [1, 10] for the 7 TeV and 8 TeV
data samples is defined to be In(1+ S;/B;), where S; is 90% of
the expected signal for my = 126.5 GeV, and B; is the integral, in
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
my = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing S;, of a background-only fit to the data. The
values S;/B; have only a mild dependence on mpy.

The statistical interpretation of the excess of events near my,, =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H—> WW®™ — evup channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W, tt, and Wt production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell-Yan events (pp — Z/y®) — £¢) with EIss
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and Wy events in which the photon undergoes a con-
version. Boson pair production (Wy*/WZ® and ZZ®) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < my < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell-Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the ey final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H - WW® — evuv search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with p > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H - WW® — evpv search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pr thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where e (ue) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H — ZZ® — 4¢ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ¢vev final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |n| < 2.5. The isolation criteria require the scalar
sums of the pr of charged particles and of calorimeter topolog-
ical clusters within AR = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12-0.20 times the lep-
ton pt. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pr. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large E‘T“iss. E’T‘[liSS is the negative vector sum
of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity E““SSl used in this
analysis is required to be greater than 25 GeV and is defined as:
El}“rfjl = Emlss Sin A@min, Where A, is min(A¢, %), and E;“‘SS i

the magnitude of the vector E%“iss. Here, A¢ is the angle between
E%‘iss and the transverse momentum of the nearest lepton or jet

with pr > 25 GeV. Compared to EMSS, E?“rf;l has increased rejec-

tion power for events in which the E?“SS is generated by a neutrino
in a jet or the mismeasurement of an object, since in those events
the Emiss tends to point in the direction of the object. After the lep-
ton isolation and E”“SSl requirements that define the pre-selected
sample, the multijet background is negligible and the Drell-Yan
background is much reduced. The Drell-Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by WW events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into O-jet, 1-jet and 2-jet search channels according to the number
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of jets in the final state, with the 2-jet channel also including
higher jet multiplicities.

Owing to spin correlations in the WW®) system arising from
the spin-0 nature of the SM Higgs boson and the V-A structure
of the W boson decay vertex, the charged leptons tend to emerge
from the primary vertex pointing in the same direction [107]. This
kinematic feature is exploited for all jet multiplicities by requiring
that |A¢ee| < 1.8, and the dilepton invariant mass, mge, be less
than 50 GeV for the 0-jet and 1-jet channels. For the 2-jet channel,
the my, upper bound is increased to 80 GeV.

In the O-jet channel, the magnitude p{f of the transverse mo-
mentum of the dilepton system, p%l = p%l + p‘{z, is required to be
greater than 30 GeV. This improves the rejection of the Drell-Yan
background.

In the 1-jet channel, backgrounds from top quark production
are suppressed by rejecting events containing a b-tagged jet, as
determined using a b-tagging algorithm that uses a neural net-
work and exploits the topology of weak decays of b- and c-hadrons
[108]. The total transverse momentum, p%"t, defined as the magni-

tude of the vector sum pi° = p{! + pf2 4 p%' + EMisS, s required

to be smaller than 30 GeV to suppress top background events that
have jets with pt below the threshold defined for jet counting.
In order to reject the background from Z — 77, the t7 invariant
mass, myz, is computed under the assumptions that the recon-
structed leptons are 7 lepton decay products. In addition the neu-
trinos produced in these decays are assumed to be the only source
of E%“iss and to be collinear with the leptons [109]. Events with
myr —myz| <25 GeV are rejected if the collinear approximation
yields a physical solution.

The 2-jet selection follows the 1-jet selection described above,
with the pl" definition modified to include all selected jets. Moti-
vated by the VBF topology, several additional criteria are applied to
the tag jets, defined as the two highest-prt jets in the event. These
are required to be separated in rapidity by a distance [Ay;j| > 3.8
and to have an invariant mass, mjj, larger than 500 GeV. Events
with an additional jet with pr > 20 GeV between the tag jets
(yj1 <y <yj2) are rejected.

A transverse mass variable, mr [110], is used to test for the
presence of a signal for all jet multiplicities. This variable is defined
as:

o= (B £ — o B

where EX* = /|pt|2 +m?,. The statistical analysis of the data uses

a fit to the mr distribution in the signal region after the A¢y, re-
quirement (see Section 6.4), which results in increased sensitivity
compared to the analysis described in Ref. [111].

For a SM Higgs boson with my = 125 GeV, the cross sec-
tion times branching ratio to the evuv final state is 88 fb for
/s =7 TeV, increasing to 112 fb at /s = 8 TeV. The combined
acceptance times efficiency of the 8 TeV 0-jet and 1-jet selection
relative to the ggF production cross section times branching ra-
tio is about 7.4%. The acceptance times efficiency of the 8 TeV
2-jet selection relative to the VBF production cross section times
branching ratio is about 14%. Both of these figures are based on
the number of events selected before the final my criterion is ap-
plied (as described in Section 6.4).

6.2. Background normalisation and control samples

The leading backgrounds from SM processes producing two iso-
lated high-pt leptons are WW and top (in this section, “top” back-
ground always includes both tf and single top, unless otherwise
noted). These are estimated using partially data-driven techniques

based on normalising the MC predictions to the data in control re-
gions dominated by the relevant background source. The W + jets
background is estimated from data for all jet multiplicities. Only
the small backgrounds from Drell-Yan and diboson processes other
than WW, as well as the WW background for the 2-jet analysis,
are estimated using MC simulation.

The control and validation regions are defined by selections
similar to those used for the signal region but with some criteria
reversed or modified to obtain signal-depleted samples enriched
in a particular background. The term “validation region” distin-
guishes these regions from the control regions that are used to
directly normalise the backgrounds. Some control regions have sig-
nificant contributions from backgrounds other than the targeted
one, which introduces dependencies among the background esti-
mates. These correlations are fully incorporated in the fit to the
mr distribution. In the following sections, each background esti-
mate is described after any others on which it depends. Hence, the
largest background (W W) is described last.

6.2.1. W + jets background estimation

The W + jets background contribution is estimated using a con-
trol sample of events where one of the two leptons satisfies the
identification and isolation criteria described in Section 6.1, and
the other lepton fails these criteria but satisfies a loosened selec-
tion (denoted “anti-identified”). Otherwise, events in this sample
are required to pass all the signal selections. The dominant contri-
bution to this sample comes from W + jets events in which a jet
produces an object that is reconstructed as a lepton. This object
may be either a true electron or muon from the decay of a heavy
quark, or else a product of the fragmentation identified as a lepton
candidate.

The contamination in the signal region is obtained by scaling
the number of events in the data control sample by a transfer fac-
tor. The transfer factor is defined here as the ratio of the number
of identified lepton candidates passing all selections to the num-
ber of anti-identified leptons. It is calculated as a function of the
anti-identified lepton pr using a data sample dominated by QCD
jet production (dijet sample) after subtracting the residual contri-
butions from leptons produced by leptonic W and Z decays, as
estimated from data. The small remaining lepton contamination,
which includes Wy ® /W Z® events, is subtracted using MC sim-
ulation.

The processes producing the majority of same-charge dilepton
events, W + jets, Wy ™ /W Z® and Z® z®, are all backgrounds
in the opposite-charge signal region. W + jets and Wy ® back-
grounds are particularly important in a search optimised for a
low Higgs boson mass hypothesis. Therefore, the normalisation and
kinematic features of same-charge dilepton events are used to val-
idate the predictions of these backgrounds. The predicted number
of same-charge events after the E%“rsesl and zero-jet requirements is
216 £+ 7 (stat) 442 (syst), while 182 events are observed in the
data. Satisfactory agreement between data and simulation is ob-
served in various kinematic distributions, including those of A¢yy
(see Fig. 5(a)) and the transverse mass.

6.2.2. Top control sample

In the O-jet channel, the top quark background prediction is
first normalised using events satisfying the pre-selection criteria
described in Section 6.1. This sample is selected without jet multi-
plicity or b-tagging requirements, and the majority of events con-
tain top quarks. Non-top contributions are subtracted using pre-
dictions from simulation, except for W + jets, which is estimated
using data. After this normalisation is performed, the fraction of
events with zero jets that pass all selections is evaluated. This
fraction is small (about 3%), since the top quark decay t — Wb
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Fig. 5. Validation and control distributions for the H > WW® — evuv analysis.

(a) A¢ye distribution in the same-charge validation region after the E}"‘rsesl and zero-

jet requirements. (b) mr distribution in the WW control region for the 0-jet chan-
nel. The ey and pe final states are combined. The hashed area indicates the total
uncertainty on the background prediction. The expected signal for my =125 GeV is
negligible and therefore not visible.

has a branching ratio of nearly 1. Predictions of this fraction from
MC simulation are sensitive to theoretical uncertainties such as
the modelling of initial- and final-state radiation, as well as ex-
perimental uncertainties, especially that on the jet energy scale. To
reduce the impact of these uncertainties, the top quark background
determination uses data from a b-tagged control region in which
the one-to-two jet ratio is compared to the MC simulation [112].
The resulting correction factor to a purely MC-based background
estimate after all selections amounts to 1.11 4= 0.06 (stat).

In the 1-jet and 2-jet analyses, the top quark background pre-
dictions are normalised to the data using control samples defined
by reversing the b-jet veto and removing the requirements on
Agye and mye. The |Ayj| and mj; requirements are included in
the definition of the 2-jet control region. The resulting samples
are dominated by top quark events. The small contributions from
other sources are taken into account using MC simulation and the
data-driven W + jets estimate. Good agreement between data and
MC simulation is observed for the total numbers of events and the
shapes of the mr distributions. The resulting normalisation factors
are 1.11+£0.05 for the 1-jet control region and 1.01 4 0.26 for the
2-jet control region. Only the statistical uncertainties are quoted.

6.2.3. WW control sample

The MC predictions of the WW background in the 0-jet and
1-jet analyses, summed over lepton flavours, are normalised using
control regions defined with the same selections as for the signal

region except that the A¢., requirement is removed and the upper
bound on my, is replaced with a lower bound: my > 80 GeV.
The numbers of events and the shape of the my distribution in
the control regions are in good agreement between data and MC,
as shown in Fig. 5(b). WW production contributes about 70% of
the events in the O-jet control region and about 45% in the 1-jet
region. Contaminations from sources other than WW are derived
as for the signal region, including the data-driven W + jets and top
estimates. The resulting normalisation factors with their associated
statistical uncertainties are 1.06 4= 0.06 for the 0-jet control region
and 0.99 £ 0.15 for the 1-jet control region.

6.3. Systematic uncertainties

The systematic uncertainties that have the largest impact on
the sensitivity of the search are the theoretical uncertainties asso-
ciated with the signal. These are described in Section 9. The main
experimental uncertainties are associated with the JES, the jet en-
ergy resolution (JER), pile-up, E%“iss, the b-tagging efficiency, the
W + jets transfer factor, and the integrated luminosity. The largest
uncertainties on the backgrounds include WW normalisation and
modelling, top normalisation, and Wy ) normalisation. The 2-jet
systematic uncertainties are dominated by the statistical uncer-
tainties in the data and the MC simulation, and are therefore not
discussed further.

Variations of the jet energy scale within the systematic un-
certainties can cause events to migrate between the jet bins. The
uncertainty on the JES varies from +2% to +9% as a function of jet
pr and n for jets with pr > 25 GeV and |n| < 4.5 [101]. The largest
impact of this uncertainty on the total signal (background) yield
amounts to 7% (4%) in the 0-jet (1-jet) bin. The uncertainty on the
JER is estimated from in situ measurements and it impacts mostly
the 1-jet channel, where its effect on the total signal and back-
ground yields is 4% and 2%, respectively. An additional contribution
to the JES uncertainty arises from pile-up, and is estimated to
vary between +1% and +5% for multiple pp collisions in the same
bunch crossing and up to £10% for neighbouring bunch crossings.
This uncertainty affects mainly the 1-jet channel, where its impact
on the signal and background yields is 4% and 2%, respectively.
JES and lepton momentum scale uncertainties are propagated to
the E%“iss measurement. Additional contributions to the E‘T11iSS un-
certainties arise from jets with pr < 20 GeV and from low-energy
calorimeter deposits not associated with reconstructed physics ob-
jects [113]. The impact of the E?‘iss uncertainty on the total signal
and background yields is ~3%. The efficiency of the b-tagging algo-
rithm is calibrated using samples containing muons reconstructed
in the vicinity of jets [114]. The uncertainty on the b-jet tagging ef-
ficiency varies between +5% and +18% as a function of the jet pr,
and its impact on the total background yield is 10% for the 1-jet
channel. The uncertainty in the W + jets transfer factor is domi-
nated by differences in jet properties between dijet and W + jets
events as observed in MC simulations. The total uncertainty on this
background is approximately +40%, resulting in an uncertainty on
the total background yield of 5%. The uncertainty on the integrated
luminosity is +3.6%.

A fit to the distribution of mrp is performed in order to ob-
tain the signal yield for each mass hypothesis (see Section 6.4).
Most theoretical and experimental uncertainties do not produce
statistically significant changes to the m distribution. The uncer-
tainties that do produce significant changes of the distribution of
mr have no appreciable effect on the final results, with the ex-
ception of those associated with the WW background. In this
case, an uncertainty is included to take into account differences
in the distribution of mt and normalisation observed between
the MCFM [115], MC@NLO + HERWIG and POWHEG + PYTHIA
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Table 5

The expected numbers of signal (my = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75my < mp <mpy for my =
125 GeV. The observed numbers of events in data are also displayed. The ex and
e channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected
events are marked with ‘~".

0-jet 1-jet 2-jet
Signal 20+ 4 542 0.34+0.07
ww 101413 1245 0.10£0.14
WZ® 2z Wy® 1243 19+1.1 0.10+0.10
tt 8+2 6+2 0.15+0.10
tW /th/tqb 34+15 37416 -
Z/y* +jets 19413 0.1040.10 -
W + jets 15+7 2+1 -
Total background 142+ 16 26+6 0.35+0.18
Observed 185 38 0

generators. The potential impact of interference between resonant
(Higgs-mediated) and non-resonant gg — W W diagrams [116] for
mr > my was investigated and found to be negligible. The ef-
fect of the WW normalisation, modelling, and shape systematics
on the total background yield is 9% for the O-jet channel and
19% for the 1-jet channel. The uncertainty on the shape of the
total background is dominated by the uncertainties on the nor-
malisations of the individual backgrounds. The main uncertainties
on the top background in the O-jet analysis include those asso-
ciated with interference effects between tf and single top, initial
state an final state radiation, b-tagging, and JER. The impact on
the total background yield in the O-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the total yield is
14%. Theoretical uncertainties on the Wy background normalisa-
tion are evaluated for each jet bin using the procedure described
in Ref. [117]. They are £11% for the O-jet bin and +50% for the
1-jet bin. For Wy* with my, <7 GeV, a k-factor of 1.3 £0.3 is
applied to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for Wy*/W Z®
with mge > 7 GeV is 1.540.5. These uncertainties affect mostly the
1-jet channel, where their impact on the total background yield is
approximately 4%.

6.4. Results

Table 5 shows the numbers of events expected from a SM
Higgs boson with my = 125 GeV and from the backgrounds, as
well as the numbers of candidates observed in data, after appli-
cation of all selection criteria plus an additional cut on mg of
0.75my < mt < my. The uncertainties shown in Table 5 include
the systematic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Section 6.2. An ex-
cess of events relative to the background expectation is observed
in the data.

Fig. 6 shows the distribution of the transverse mass after all
selection criteria in the O-jet and 1-jet channels combined, and for
both lepton channels together.

The statistical analysis of the data employs a binned likelihood
function constructed as the product of Poisson probability terms
for the ex channel and the pe channel. The mass-dependent cuts
on mt described above are not used. Instead, the O-jet (1-jet) sig-
nal regions are subdivided into five (three) mt bins. For the 2-jet
signal region, only the results integrated over mr are used, due
to the small number of events in the final sample. The statistical
interpretation of the observed excess of events is presented in Sec-
tion 9.
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Fig. 6. Distribution of the transverse mass, mr, in the O-jet and 1-jet analyses with
both e and pe channels combined, for events satisfying all selection criteria. The
expected signal for my = 125 GeV is shown stacked on top of the background
prediction. The W + jets background is estimated from data, and WW and top
background MC predictions are normalised to the data using control regions. The
hashed area indicates the total uncertainty on the background prediction.

7. Statistical procedure

The statistical procedure used to interpret the data is described
in Refs. [17,118-121]. The parameter of interest is the global sig-
nal strength factor u, which acts as a scale factor on the total
number of events predicted by the Standard Model for the Higgs
boson signal. This factor is defined such that w = 0 corresponds
to the background-only hypothesis and ; =1 corresponds to the
SM Higgs boson signal in addition to the background. Hypothe-
sised values of p are tested with a statistic A(i) based on the
profile likelihood ratio [122]. This test statistic extracts the infor-
mation on the signal strength from a full likelihood fit to the data.
The likelihood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the CLs prescription [123]; a
value of w is regarded as excluded at 95% CL when CL; is less than
5%. A SM Higgs boson with mass my is considered excluded at 95%
confidence level (CL) when w =1 is excluded at that mass. The sig-
nificance of an excess in the data is first quantified with the local
po, the probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. The equiva-
lent formulation in terms of number of standard deviations, Zj, is
referred to as the local significance. The global probability for the
most significant excess to be observed anywhere in a given search
region is estimated with the method described in Ref. [124]. The
ratio of the global to the local probabilities, the trials factor used
to correct for the “look elsewhere” effect, increases with the range
of Higgs boson mass hypotheses considered, the mass resolutions
of the channels involved in the combination, and the significance
of the excess.

The statistical tests are performed in steps of values of the
hypothesised Higgs boson mass mpy. The asymptotic approxima-
tion [122] upon which the results are based has been validated
with the method described in Ref. [17].

The combination of individual search sub-channels for a specific
Higgs boson decay, and the full combination of all search chan-
nels, are based on the global signal strength factor u and on the
identification of the nuisance parameters that correspond to the
correlated sources of systematic uncertainty described in Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combination are
summarised in Table 6.
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Table 6

Summary of the individual channels entering the combination. The transition points between separately optimised my regions are indicated where applicable. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ® and & represent direct products and sums over sets of selection

requirements, respectively.

Higgs boson decay Subsequent decay Sub-channels mpy range [GeV] [Lat [fb~1] Ref.
2011 /s=7 TeV
H— 22® 40 {4e,2e2u,2/12e, 410} 110-600 4.8 [87]
Llvv {ee, uu} ® {low, high pile-up} 200-280-600 4.7 [125]
2eqq {b-tagged, untagged} 200-300-600 4.7 [126]
H—yy - 10 categories {ptt ® 1, ® conversion} @ {2-jet} 110-150 4.8 [127]
H—>WwWw® Lvly {ee,en /e, pu} @ {0-jet, 1-jet, 2-jet} ® {low, high pile-up} 110-200-300-600 4.7 [106]
Lvqq’ {e, u} ® {0-jet, 1-jet, 2-jet} 300-600 4.7 [128]
H—1T1 Tiep Tlep {en} ® {O-jet} @ {€0} ® {1-jet, 2-jet, VH} 110-150 4.7 [129]
Tiep Thad {e, 1} ® {0-jet} ® {ET"® < 20 GeV, ET"S > 20 GeV) 110-150 4.7
ofe, u} @ {1-jet} @ {£} ® {2-jet}
Thad Thad {1-jet} 110-150 4.7
VH — Vbb Z— vy E‘Tniss € {120-160, 160-200, > 200 GeV} 110-130 4.6 [130]
W — v p‘T’V € {< 50, 50-100, 100-200, > 200 GeV} 110-130 4.7
Z— p% € {< 50,50-100, 100-200, > 200 GeV} 110-130 4.7
2012 /s =8 TeV
H—2Z® 4¢ {4e, 2e2u, 2 2e, 41} 110-600 5.8 [87]
H—yy - 10 categories {ptt ® , ® conversion} @ {2-jet} 110-150 5.9 [127]
H—>Ww® eviLy {eu, e} ® {0-jet, 1-jet, 2-jet} 110-200 5.8 [131]

The main uncorrelated systematic uncertainties are described
in Sections 4-6 for the H - ZZ® — 4¢, H - yy and H —
WW® — ¢vey channels and in Ref. [17] for the other channels.
They include the background normalisations or background model
parameters from control regions or sidebands, the Monte Carlo
simulation statistical uncertainties and the theoretical uncertain-
ties affecting the background processes.

The main sources of correlated systematic uncertainties are the
following.

1. Integrated luminosity: The uncertainty on the integrated lu-
minosity is considered as fully correlated among channels and
amounts to +3.9% for the 7 TeV data [132,133], except for the
H— ZZ® — 4¢ and H — yy channels which were re-analysed;
the uncertainty is +1.8% [92] for these channels. The uncertainty
is £3.6% for the 8 TeV data.

2. Electron and photon trigger identification: The uncertainties in
the trigger and identification efficiencies are treated as fully corre-
lated for electrons and photons.

3. Electron and photon energy scales: The electron and photon en-
ergy scales in the H - ZZ™® — 4¢ and H — yy channels are
described by five parameters, which provide a detailed account
of the sources of systematic uncertainty. They are related to the
calibration method, the presampler energy scale in the barrel and
end-cap calorimeters, and the material description upstream of the
calorimeters.

4. Muon reconstruction: The uncertainties affecting muons are
separated into those related to the ID and MS, in order to obtain
a better description of the correlated effects among channels us-
ing different muon identification criteria and different ranges of
muon pr.

5. Jet energy scale and missing transverse energy: The jet energy
scale and jet energy resolution are affected by uncertainties which
depend on the pr, 1, and flavour of the jet. A simplified scheme
is used in which independent JES and JER nuisance parameters
are associated with final states with significantly different kine-
matic selections and sensitivity to scattering processes with dif-
ferent kinematic distributions or flavour composition. This scheme
includes a specific treatment for b-jets. The sensitivity of the re-
sults to various assumptions about the correlation between these
sources of uncertainty has been found to be negligible. An un-
correlated component of the uncertainty on E%“SS is included, in

addition to the JES uncertainty, which is due to low energy jet ac-
tivity not associated with reconstructed physics objects.

6. Theory uncertainties: Correlated theoretical uncertainties af-
fect mostly the signal predictions. The QCD scale uncertainties for

mpy = 125 GeV amount to f;§ for the ggF process, +1% for the VBF

and WH/ZH processes, and fgij for the ttH process [52,53]; the
small dependence of these uncertainties on my is taken into ac-
count. The uncertainties on the predicted branching ratios amount
to +5%. The uncertainties related to the parton distribution func-
tions amount to +8% for the predominantly gluon-initiated ggF
and ttH processes, and +4% for the predominantly quark-initiated
VBF and WH/ZH processes [78,134-136]. The theoretical uncer-
tainty associated with the exclusive Higgs boson production pro-
cess with additional jets in the H — yy, H > WW®™ — ¢fvev
and H — %t~ channels is estimated using the prescription of
Refs. [53,117,118], with the noticeable difference that an explicit
calculation of the gluon-fusion process at NLO using MCFM [137]
in the 2-jet category reduces the uncertainty on this non-negligible
contribution to 25%. An additional theoretical uncertainty on the
signal normalisation of £150% x (my/TeV)? (e.g. +4% for my =
300 GeV) accounts for effects related to off-shell Higgs boson pro-
duction and interference with other SM processes [53].

Sources of systematic uncertainty that affect both the 7 TeV and
the 8 TeV data are taken as fully correlated. The uncertainties on
background estimates based on control samples in the data are
considered uncorrelated between the 7 TeV and 8 TeV data.

9. Results

The addition of the 8 TeV data for the H - ZZ™ — 4¢, H —
yy and H—> WW® — evpv channels, as well as the improve-
ments to the analyses of the 7 TeV data in the first two of these
channels, bring a significant gain in sensitivity in the low-mass re-
gion with respect to the previous combined search [17].

9.1. Excluded mass regions

The combined 95% CL exclusion limits on the production of the
SM Higgs boson, expressed in terms of the signal strength param-
eter u, are shown in Fig. 7(a) as a function of my. The expected
95% CL exclusion region covers the my range from 110 GeV to
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Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of my and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the +10 and +2o0 uncer-
tainties on the background-only expectation. (b) The observed (solid) local pg as a
function of my and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (u = 1) at the given mass. (c) The best-fit signal strength [ as a function of mpy.
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111-122 GeV
and 131-559 GeV. Three mass regions are excluded at 99% CL,
113-114, 117-121 and 132-527 GeV, while the expected exclu-
sion range at 99% CL is 113-532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near my =126 GeV in the H —
ZZ™ — 4¢ and H — yy channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H - WW® — ¢v¢y channel,
as shown in Fig. 8(c).

The observed local pg values from the combination of channels,
using the asymptotic approximation, are shown as a function of
my in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
my = 126.5 GeV, where it reaches 6.00, with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H - ZZ™ — 4¢, H — yy and H > WW® —
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Fig. 9. The observed (solid) local pp as a function of mpy in the low mass range.
The dashed curve shows the expected local po under the hypothesis of a SM Higgs
boson signal at that mass with its £10 band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 o.

evuv channels combined is 4.9 0, and occurs at my = 126.5 GeV
(3.80 expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these
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Table 7

Characterisation of the excess in the H — ZZ®* — 4¢, H— yy and H - WW® — ¢v¢v channels and the combination of all channels listed in Table 6. The mass value
Mmax for which the local significance is maximum, the maximum observed local significance Z; and the expected local significance E(Z;) in the presence of a SM Higgs
boson signal at mp,.x are given. The best fit value of the signal strength parameter [t at my = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined /s =7 TeV and /s = 8 TeV data.

Search channel Dataset Mmax [GeV] Z) [o] E(Z) [o] fi(my =126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]
H—ZZ® - 4¢ 7 TeV 125.0 2.5 1.6 1.4+1.1
8 TeV 125.5 2.6 2.1 1.14+0.8
7&8TeV 1250 3.6 2.7 12406 124-164, 176-500 131-162, 170-460
H—yy 7 Tev 126.0 3.4 1.6 22407
8 TeV 127.0 3.2 1.9 1.5+0.6
7&8TeV 1265 45 2.5 1.84+0.5 110-140 112-123, 132-143
H— WW® - ¢vev 7 TeV 135.0 1.1 3.4 0.5+0.6
8 TeV 120.0 3.3 1.0 1.94+0.7
7&8TeV 1250 2.8 2.3 1.34+0.5 124-233 137-261
Combined 7 TeV 126.5 3.6 3.2 1.2+04
8 TeV 126.5 49 3.8 1.5+0.4
110-582 111-122, 131-559
7&8Tev 1265 6.0 49 14£03 113-532 (%) 113-114, 117-121, 132-527 (*)
P . . I I I I I I I
unce.rtal.ntles, evaluated as described in Ref. [138], reduces the lo- ATLAS 2011 -2012 !, = 1260 Gev
cal significance to 5.90. WZH = bb :
The global significance of a local 5.90 excess anywhere in the & 27T me’:mb.‘ A
mass range 110-600 GeV is estimated to be approximately 5.10, H- 1t -~
increasing to 5.3 ¢ in the range 110-150 GeV, which is approxi- E=7Tov Lot 464710 :
o H—-WW ' — Iviv H
mately the mass range not excluded at the 99% CL by the LHC com- \5=7TeV: JLot=47 b R
bined SM Higgs boson search [139] and the indirect constraints ﬁ“ev:j“":&“"'
from the global fit to precision electroweak measurements [12]. \G,_;Q/ dteasn!
Vs=8TeV: J‘Ld(&): 59" H
9.3. Characterising the excess F'T:VZJZLM:,;“
Vs=8TeV: [Lat=581"
The mass of the observed new particle is estimated using the Combined :
profile likelihood ratio A(my) for H - ZZ® — 4¢ and H — y v, Ef;fz {i:i‘;?::zj u=14+0.3 e
the two channels with the highest mass resolution. The signal | | | | | i |
strength is allowed to vary independently in the two channels, -1 0 1

although the result is essentially unchanged when restricted to
the SM hypothesis @ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 £ 0.4 (stat) £ 0.4 (sys) GeV.

The best-fit signal strength [ is shown in Fig. 7(c) as a function
of my. The observed excess corresponds to & =1.440.3 for my =
126 GeV, which is consistent with the SM Higgs boson hypothesis
p=1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio A(w,mpy) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (1, my), while in the absence of a signal the contours will
be upper limits on w for all values of mp.

Asymptotically, the test statistic —2 InA(u, my) is distributed as
a x?2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H — yy and H - WW®™ — fvgy
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H — ZZ®*) — 4¢ channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (@, mpy) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H — ZZ®) — 4¢ and H — yy

Signal strength (u)

Fig. 10. Measurements of the signal strength parameter p for my =126 GeV for the
individual channels and their combination.

— ————
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Fig. 11. Confidence intervals in the (u,my) plane for the H — ZZ™® — 4¢, H —>
yy, and H - WW® — ¢vev channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (/i,my) in the corre-
sponding channels (the maximum likelihood estimates for H — ZZ® — 4¢ and
H— WW® — fvev coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.
The contributions from the different production modes in the
H — yy channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross
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Fig. 12. Likelihood contours for the H — yy channel in the (MggFrtiH > MVBF+VH)
plane including the branching ratio factor B/Bsy. The quantity HegFitH (JAVBF+VH)
is a common scale factor for the ggF and ttH (VBF and V H) production cross sec-
tions. The best fit to the data (+) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (x ).

sections predicted in the Standard Model. A new signal strength
parameter u; is introduced for each production mode, defined by
Wi = 0i/ojsm. In order to determine the values of (u;, ;j) that
are simultaneously consistent with the data, the profile likelihood
ratio A(ui, i) is used with the measured mass treated as a nui-
sance parameter.

Since there are four Higgs boson production modes at the LHC,
two-dimensional contours require either some w; to be fixed, or
multiple u; to be related in some way. Here, (tgor and iz have
been grouped together as they scale with the ttH coupling in the
SM, and are denoted by the common parameter (iggp, 7y. Simi-
larly, pygr and pwyy have been grouped together as they scale
with the WWH/ZZH coupling in the SM, and are denoted by
the common parameter pypptyy. Since the distribution of signal
events among the 10 categories of the H — yy search is sensitive
to these factors, constraints in the plane of pggr 7y x B/Bsm and
JvBF+vH X B/Bsyv, where B is the branching ratio for H — yy,
can be obtained (Fig. 12). Theoretical uncertainties are included
so that the consistency with the SM expectation can be quantified.
The data are compatible with the SM expectation at the 1.5 level.

10. Conclusion

Searches for the Standard Model Higgs boson have been per-
formed in the H - ZZ® — 4¢, H - yy and H > WW® —
evuv channels with the ATLAS experiment at the LHC using 5.8-
5.9 fb~! of pp collision data recorded during April to June 2012
at a centre-of-mass energy of 8 TeV. These results are combined
with earlier results [17], which are based on an integrated lumi-
nosity of 4.6-4.8 fb~! recorded in 2011 at a centre-of-mass energy
of 7 TeV, except for the H - ZZ™ — 4¢ and H — yy channels,
which have been updated with the improved analyses presented
here.

The Standard Model Higgs boson is excluded at 95% CL in
the mass range 111-559 GeV, except for the narrow region 122-
131 GeV. In this region, an excess of events with significance
5.90, corresponding to pg = 1.7 x 1072, is observed. The excess
is driven by the two channels with the highest mass resolution,
H— ZZ™® — 4¢ and H — yy, and the equally sensitive but low-
resolution H - WW ™ — ¢v¢y channel. Taking into account the
entire mass range of the search, 110-600 GeV, the global signifi-
cance of the excess is 5.10", which corresponds to pg=1.7 x 10~7.

These results provide conclusive evidence for the discovery of a
new particle with mass 126.0 + 0.4 (stat) + 0.4 (sys) GeV. The sig-
nal strength parameter p has the value 1.4+£0.3 at the fitted mass,

which is consistent with the SM Higgs boson hypothesis © = 1.
The decays to pairs of vector bosons whose net electric charge is
zero identify the new particle as a neutral boson. The observa-
tion in the diphoton channel disfavours the spin-1 hypothesis [140,
141]. Although these results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, more
data are needed to assess its nature in detail.
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Results are presented from searches for the standard model Higgs boson in proton-proton collisions
at /s=7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples
corresponding to integrated luminosities of up to 5.1 fb~! at 7 TeV and 5.3 fb~! at 8 TeV. The search
is performed in five decay modes: yy, ZZ, WTW~, t+7~, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,

signalling the production of a new particle. The expected significance for a standard model Higgs boson

Keywords: of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
CMS best mass resolution, yy and ZZ; a fit to these signals gives a mass of 125.3 £ 0.4(stat.) £ 0.5(syst.) GeV.
Physics The decay to two photons indicates that the new particle is a boson with spin different from one.

Higgs © 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1-6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7-9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass my of the SM Higgs boson is not predicted
by theory. However, general considerations [10-13] suggest that

* © CERN for the benefit of the CMS Collaboration.
* E-mail address: cms-publication-committee-chair@cern.ch.

0370-2693/ © 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.08.021

my should be smaller than ~1 TeV, while precision electroweak
measurements imply that my < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of my > 114.4 GeV at 95% CL [15], and at the Tevatron
proton-antiproton collider, excluding the mass range 162-166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17-19], in the range 120-135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton-proton collisions corresponding to an integrated luminos-
ity of 5 fb~! collected at a centre-of-mass energy /s = 7 TeV.
The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4-116.6, 119.4-122.1 and 129.2-541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton-proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb~—! had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at /s =7 and 8 TeV. The search is performed in
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five decay modes, H — yy, ZZ, WTW—, t+t~, and bb, in the
low-mass range from 110 up to 160 GeV. In this mass range the
Higgs boson production cross section is predicted to have val-
ues between 23 (29) and 10 (14) pb at /s =7 (8) TeV [23].
The natural width of the SM Higgs boson over the same range is
less than 100 MeV and the width of any observed peak would
be entirely dominated by instrumental mass resolution. In what
follows, ¢ stands for electrons or muons, H — W_+W* is denoted
asH—>WW,H— ttt~ asH— 71, and H — bb as H — bb. For
the final states ZZ and WW in the low-mass region, one or more
of the Z or W bosons is off mass shell.

With respect to the published analyses [24-28], most analy-
ses have been re-optimized, incorporating improvements in re-
construction performance and event selection, and mitigating the
more challenging conditions due to the higher LHC intensities
in 2012. The new analyses presented herein, of 8 TeV samples,
and of 7 TeV samples featuring modified event selection criteria,
were performed in a “blind” way: the algorithms and selection
procedures were formally approved and fixed before the results
from data in the signal region were examined. In the previously
published analyses similar but less formal procedures were fol-
lowed.

Within the context of this search for the SM Higgs boson, we
report the observation of an excess of events above the expected
background, consistent with the production of a new particle with
mass near 125 GeV. The observed local significance is 5.0 standard
deviations (o), compared with an expected significance of 5.80.
The evidence is strongest in the two final states with the best
mass resolution, namely H — yy with a significance of 4.10° and
H — ZZ (with the Z bosons decaying to electrons or muons) with
a significance of 3.20. The decay to two photons indicates that the
new particle is a boson with spin different from one.

2. The CMS experiment

The possibility of detection of the SM Higgs boson played
a crucial role in the conceptual design of the CMS experiment
as a benchmark to test the performance of the detector [29-31].
Since the SM Higgs boson mass is not predicted by theory and its
production cross section and natural width vary widely over the
allowed mass range, a search was envisaged over a large range of
masses and in diverse decay modes: pairs of photons, Z bosons, W
bosons, T leptons, and b quarks. Planning in view of the analysis of
all these channels ensured a detector capable of observing a Higgs
boson over a broad mass range and able to detect most potential
signals of new physics.

The central feature of the CMS apparatus [32] is a supercon-
ducting solenoid of 6 m internal diameter, which provides a mag-
netic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons
are measured in gas-ionization detectors embedded in the steel
flux-return yoke. Extensive forward calorimeters complement the
coverage provided by the barrel and endcap detectors.

Charged particles are tracked within the pseudorapidity range
In| < 2.5, where n = —In[tan(#/2)], and 6 is the polar angle mea-
sured from the positive z axis (along the anticlockwise beam direc-
tion). The silicon pixel tracker comprises 66 million 100 x 150 pm?
pixels, arranged in three barrel layers and two disks at each end.
The silicon strip tracker, organized in ten barrel layers and twelve
disks at each end, comprises 9.3 million strips with pitch between
80 and 180 pm, with a total silicon surface area of 198 m?2. The
tracker has a track-finding efficiency larger than 99% for muons
with transverse momentum pt greater than 1 GeV and a trans-
verse momentum resolution between 1.5 and 2.5% for charged

tracks of pr ~ 100 GeV in the central region (|n| < 1.5). Measure-
ments of the impact parameters of charged tracks and secondary
vertices are used to identify jets that are likely to contain the
hadronisation and decay products of b quarks (“b jets”). A b-jet
tagging efficiency of more than 50% is achieved with a rejection
factor for light-quark jets of ~200, as measured in tt events in
data [33]. The dimuon mass resolution at the 7 mass, dominated
by instrumental effects, is measured to be 0.6% in the barrel re-
gion [34], consistent with the design goal.

The ECAL is a fine-grained hermetic calorimeter consisting of
75848 lead tungstate crystals, arranged in a quasi-projective ge-
ometry and distributed in a barrel region (|n| < 1.48) and two end-
caps that extend up to || = 3.0. The front-face cross section of the
crystals is 22 x 22 mm? in the barrel region and 28.6 x 28.6 mm?
in the endcaps. Preshower detectors consisting of two planes of
silicon sensors interleaved with a total of three radiation lengths
of lead absorber are located in front of the endcaps. Electromag-
netic showers are very narrow in lead tungstate (Moliére radius of
21 mm), helping in particle identification and in the implementa-
tion of isolation criteria. In the central barrel region the energy res-
olution of electrons that do not radiate substantially in the tracker
material indicates that the resolution of unconverted photons is
consistent with design goals. For such photons the diphoton mass
resolution is 1.1 GeV at a mass of 125 GeV.

The HCAL barrel and endcaps are sampling calorimeters con-
sisting of brass and scintillator plates, covering || < 3.0. Their
thickness varies from 7 to 11 interaction lengths, depending on 7;
a scintillator “tail catcher” placed outside the coil of the solenoid,
just in front of the innermost muon detector, extends the instru-
mented thickness to more than 10 interaction lengths everywhere.
Iron forward calorimeters with quartz fibers, read out by photo-
multipliers, extend the calorimeter coverage up to |n|=5.0.

Muons are measured in the range || < 2.4, with detection
planes based on three technologies: drift tubes (|n| < 1.2), cath-
ode strip chambers (0.9 < |n| < 2.4), and resistive plate chambers
(In| < 1.6). The first two technologies provide a precise position
measurement and trigger whilst the third provides precise tim-
ing information as well as a second and independent trigger. The
muon system consists of four stations in the barrel and endcaps,
designed to ensure robust triggering and detection of muons over
a large angular range. In the barrel region each muon station con-
sists of twelve drift-tube layers, except for the outermost station,
which has eight layers. In the endcaps, each muon station consists
of six detection planes. The precision of the r-¢ measurement is
100 pum in the drift tubes and varies from 60 to 140 pum in the
cathode strip chambers.

The CMS trigger and data acquisition systems ensure that po-
tentially interesting events are recorded with high efficiency. The
first level (L1) trigger, comprising the calorimeter, muon, and
global trigger processors, uses coarse-granularity information to
select the most interesting events in less than 4 ps. The detec-
tor data are pipelined to ensure negligible deadtime up to a L1
rate of 100 kHz. After L1 triggering, data are transferred from
the readout electronics of all subdetectors, through the readout
network, to the high-level-trigger processor farm, which operates
offline-quality reconstruction algorithms to decrease the event rate
to around 0.5 kHz, before data storage.

The CMS experiment employs a highly distributed computing
infrastructure, with a primary Tier-O centre at CERN, supplemented
by seven Tier-1, more than 50 Tier-2, and many Tier-3 centres at
national laboratories and universities throughout the world. The
CMS software running on this high-performance computing system
executes numerous tasks, including the reconstruction and analy-
sis of the collected data, as well as the generation and detailed
detector simulation of Monte Carlo (MC) event samples.
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3. Event reconstruction

The CMS “particle-flow” event description algorithm [35,36] is
used to reconstruct and identify each single particle with an opti-
mized combination of all subdetector information. In this process,
the identification of the particle (photon, electron, muon, charged
hadron, neutral hadron) plays an important role in the determi-
nation of the particle momentum. The reconstructed particles are
henceforth referred to as objects.

Jets are reconstructed by clustering the particle-flow objects
with the anti-kr algorithm [37] using a distance parameter of 0.5.
Additional selection criteria are applied to each event to remove
spurious features originating from isolated noise patterns in cer-
tain HCAL regions, and from anomalous signals caused by particles
depositing energy in the silicon avalanche photodiodes used in the
ECAL barrel region. The average number of pp interactions per LHC
bunch crossing is estimated to be about 9 and 19 in the 7 TeV
(2011) and 8 TeV (2012) data sets, respectively. Energy from over-
lapping pp interactions (“pileup”), and from the underlying event,
is subtracted using the FASTJET technique [38-40], which is based
on the calculation of the n-dependent transverse momentum den-
sity, evaluated on an event-by-event basis.

The jet momentum is determined as the vector sum of all par-
ticle momenta in the jet. Jet energy corrections are derived from
simulation studies and from in situ measurements using the en-
ergy balance of dijet and Z/y + jet events [41]. These corrections
are between 5% and 10% of the true momentum over the entire
pr spectrum and detector acceptance. The jet momentum resolu-
tion achieved is o (pr)/pr = 85%/+/p1/GeV @ 4% for central jets.
A selection is applied to separate jets originating in the primary in-
teraction from those due to energy deposits associated with pileup.
The discrimination is based on the differences in the jet shapes,
in the relative multiplicity of charged and neutral components,
and in the fraction of transverse momentum carried by the hard-
est components. Within the tracker acceptance the jet tracks are
also required to be consistent with originating at the primary ver-
tex.

The missing transverse energy vector is taken as the negative
vector sum of all particle transverse momenta, and its magnitude
is referred to as E%’iss. The typical missing transverse energy res-
olution is around 0.5,/>" Et GeV [42], where ) Er is the scalar
sum of all particle transverse momenta in GeV.

The energy deposited in the ECAL is clustered both with gen-
eral clustering algorithms [43] and with algorithms that constrain
the clusters in 1 and ¢ to the shapes expected from electrons and
photons with high prt [44]. These specialised algorithms are used
to cluster electromagnetic showers without any hypothesis regard-
ing whether the particle originating from the interaction point was
a photon or an electron; doing this for electrons from Z — ee
events provides a measurement of the photon trigger, reconstruc-
tion, and identification efficiencies, as well as of the photon energy
scale and resolution. The width of the reconstructed Z resonance
is used to quantify the performance of the ECAL, using decays to
two electrons whose energies are measured using the ECAL alone,
with only their directions being determined from the tracks. In
the 7 TeV data set, the dielectron mass resolution at the Z bo-
son mass is 1.56 GeV in the barrel and 2.57 GeV in the endcaps,
while in the 8 TeV sample, reconstructed with preliminary cali-
bration constants, the corresponding values are 1.61 and 3.75 GeV.
For electrons, the reconstruction combines the clusters in the ECAL
and the trajectory in the silicon tracker [45]. Trajectories in the
tracker volume are reconstructed using a model of electron energy
loss and fitted with a Gaussian sum filter [46]. The electron mo-
mentum is determined from the combination of ECAL and tracker
measurements.

Table 1
Summary of the subchannels, or categories, used in the analysis of each decay
mode.

Decay Production No. of my range Int. Lum. (fb~")

mode tagging subchannels (GeV) m

144 untagged 4 110-150 5.1 53
dijet (VBF) lor2

7z untagged 3 110-160 5.1 53

wWw untagged 4 110-160 49 5.1
dijet (VBF) lor2

TT untagged 16 110-145 4.9 5.1
dijet (VBF) 4

bb lepton, E‘Tniss (VH) 10 110-135 5.0 5.1

Muon candidates are reconstructed with two algorithms, one in
which the tracks in the silicon detector are matched to segments
in the muon chambers, and another in which a combined fit is per-
formed to the signals found in both the silicon tracker and muon
systems [43]. The efficiency to reconstruct a muon of pt > 5 GeV
is larger than 95%, while the probability to misidentify a hadron as
a muon is below 0.1%. For pt > 200 GeV the precision of the mo-
mentum measurement improves when the silicon tracker signals
are complemented with the information from the muon chambers.

Selection based on isolation of lepton and photon objects is
used extensively. A requirement is placed on the scalar sum of the
transverse momenta of the particles reconstructed within a dis-
tance ARmax of the object, sometimes normalised to the pr of
the object. The distance AR is defined as AR = /(An)2 + (A¢)?,
where An and A¢ are the pseudorapidity and azimuthal angle
differences between the particle direction and the object direction.
Typically ARmax is chosen to be 0.3 or 0.4.

The measurement of the integrated luminosity in CMS is based
on a pixel cluster counting method, which exploits the large num-
ber of silicon pixels, and hence their low occupancy in a pp
collision [47]. The cross section normalisation is derived from
van der Meer scans [48]. The uncertainties in the luminosity mea-
surements are 2.2% and 4.4% for the 7 TeV and 8 TeV data sets,
respectively.

4. Searches for the standard model Higgs boson

Initial phenomenological discussions of Higgs boson produc-
tion and decay can be found in Refs. [49-56]. Four main mecha-
nisms are predicted for Higgs boson production in pp collisions:
the gluon-gluon fusion mechanism, which has the largest cross
section, followed in turn by vector-boson fusion (VBF), associated
WH and ZH production (VH), and production in association with
top quarks (ttH). The cross sections for the individual production
mechanisms and the decay branching fractions, together with their
uncertainties, have been computed following Refs. [57-101] and
are compiled in Refs. [23,102].

The particular set of sensitive decay modes of the SM Higgs bo-
son depends strongly on my. The results presented in this Letter
are based on the five most sensitive decay modes in the low-mass
region: H— yy; H— ZZ followed by ZZ decays to 4¢; H > WW
followed by decays to 2¢2v; H— 7t followed by at least one lep-
tonic t decay; and H — bb followed by b-quark fragmentation into
jets. This list is presented in Table 1 and comprises the full set of
decay modes and subchannels, or categories, for which both the
7 and 8 TeV data sets have been analysed. Other lower sensitivity
subchannels (ttH, H — bb; W/ZH, H — tt; W/ZH, H > WW —
202v; H — ZZ — 2¢2q) have also been studied, so far only in the
7 TeV data, and are not included here. Adding these analyses in
the combination results in an improvement of 0.1o0 in the overall
expected local significance at my = 125 GeV.
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For a given value of my, the search sensitivity depends on the
production cross section, the decay branching fraction into the
chosen final state, the signal selection efficiency, the mass reso-
lution, and the level of background from identical or similar final-
state topologies.

Samples of MC events used to represent signal and background
are fully simulated using GEANT4 [103]. The simulations include
pileup interactions matching the distribution of the number of
such interactions observed in data. The description of the Higgs
boson signal is obtained from MC simulation using, for most of
the decay modes and production processes, the next-to-leading-
order (NLO) matrix-element generator POWHEG [104,105], inter-
faced with pyTHIA 6.4 [106]. For the dominant gluon-gluon fu-
sion process, the transverse momentum spectrum of the Higgs
boson in the 7 TeV MC samples is reweighted to the next-to-
next-to-leading-logarithmic (NNLL) 4+ NLO distribution computed
with HQT [71,72,107] and FEHIPRroO [108,109], except in the H — ZZ
analysis, where the effect is marginal. The agreement of the pr
spectrum in the simulation at 8 TeV with the NNLL + NLO distri-
bution makes reweighting unnecessary. The improved agreement
is due to a modification in the POWHEG setup recommended in
Ref. [102]. The simulation of associated-production signal sam-
ples uses PYTHIA and all signal samples for H — bb are made
using POWHEG interfaced to HERWIG++ [110]. Samples used for
background studies are generated with PYTHIA, POWHEG, and MAD-
GRAPH [111], and the normalisations are obtained from the best
available NNLO or NLO calculations. The uncertainty in the signal
cross section related to the choice of parton distribution functions
is determined with the PDF4ALHC prescription [96-100].

The overall statistical methodology [112] used in this Letter was
developed by the CMS and ATLAS Collaborations in the context of
the LHC Higgs Combination Group. A more concise summary of
CMS usage in the search for a Higgs boson is given in Ref. [21].
The modified frequentist criterion CLs [113,114] is used for the
calculation of exclusion limits. Systematic uncertainties are incor-
porated as nuisance parameters and are treated according to the
frequentist paradigm. The combination of searches requires simul-
taneous analysis of the data selected by all individual analyses,
accounting for all statistical and systematic uncertainties and their
correlations. The probability for a background fluctuation to be at
least as large as the observed maximum excess is termed the lo-
cal p-value, and that for an excess anywhere in a specified mass
range the global p-value. This probability can be evaluated by
generating sets of simulated data incorporating all correlations be-
tween analyses optimized for different Higgs boson masses. The
global p-value (for the specified region) is greater than the local
p-value, and this fact is often referred to as the look-elsewhere
effect (LEE) [115]. Both the local and global p-values can be ex-
pressed as a corresponding number of standard deviations using
the one-sided Gaussian tail convention. The magnitude of a pos-
sible Higgs boson signal is characterised by the production cross
section times the relevant branching fractions, relative to the SM
expectation, denoted o /osy and referred to as the signal strength.
The results presented in this Letter are obtained using asymp-
totic formulae [116], including updates recently introduced in the
RooSTATS package [117].

Fig. 1 shows the expected local p-values in the mass range 110-
145 GeV for the five decay modes reported here. The expected
significance of a SM Higgs boson signal at my = 125 GeV when
the five decay modes are combined is 5.60. The highest sensitivity
in this mass range is achieved in the ZZ, yy, and WW channels.
Because of the excellent mass resolution (1-2 GeV) achieved in the
yy and ZZ channels, they play a special role in the low-mass re-
gion, where the natural width of the SM Higgs boson is predicted
to be less than 100 MeV. The expected signature in these channels
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Fig. 1. Expected local p-values for a SM Higgs boson as a function of my, for the
decay modes yy, ZZ, WW, t7, and bb and their combination.

is therefore a narrow resonance above background, with a width
consistent with the detector resolution.

5. Decay modes with high mass resolution
51L. H—>yy

In the H— yy analysis a search is made for a narrow peak
in the diphoton invariant mass distribution in the range 110-
150 GeV, on a large irreducible background from QCD production
of two photons. There is also a reducible background where one
or more of the reconstructed photon candidates originate from
misidentification of jet fragments. Early detailed studies indicated
this to be one of the most promising channels in the search for
a SM Higgs boson in the low-mass range [118].

To enhance the sensitivity of the analysis, candidate diphoton
events are separated into mutually exclusive categories of differ-
ent expected signal-to-background ratios, based on the properties
of the reconstructed photons and on the presence of two jets sat-
isfying criteria aimed at selecting events in which a Higgs boson
is produced through the VBF process. The analysis uses multivari-
ate techniques for the selection and classification of the events. As
an independent cross-check, an analysis is also performed that is
almost identical to the one described in Ref. [24], using simpler
criteria based on the properties of the reconstructed photons to
select and classify events. The multivariate analysis achieves 15%
higher sensitivity than the cross-check analysis.

The reconstructed primary vertex that most probably corre-
sponds to the interaction vertex of the diphoton candidate is iden-
tified using the kinematic properties of the tracks associated with
that vertex and their correlation with the diphoton kinematics. In
addition, if either of the photons converts and the tracks from
the conversion are reconstructed and identified, the direction of
the converted photon contributes to the identification of the hard-
scattering vertex. More details can be found in Ref. [24].

The event selection requires two photon candidates satisfy-
ing pr requirements and “loose” photon identification criteria.
These photons must be reconstructed within the fiducial region,
[n] < 2.5, excluding the barrel-endcap transition region, 1.44 <
Inl < 1.57. A pr threshold of my, /3 (my,/4) is applied to the
photon leading (subleading) in pr, where my, is the diphoton
invariant mass. Scaling the pr thresholds in this way avoids dis-
tortion of the shape of the my,, distribution. In the case of events
passing the dijet selection, the requirement on the leading photon
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Table 2

Expected numbers of SM Higgs boson events (my = 125 GeV) and estimated background (at my, = 125 GeV) for all event categories of the 7 and 8 TeV data sets. There are
two dijet-tagged categories for the 8 TeV data as described in the text, and for both data sets the remaining untagged events are separated into four categories labelled here
BDT 0-3, BDT 0 having the largest expected signal-to-background ratio. The composition of the SM Higgs boson signal in terms of the production processes, and its mass

resolution, are also given.

Event SM Higgs boson expected signal (my = 125 GeV) Background
categories Events egH VBF VH ttH et FWHM/2.35 Myy =125 GeV
(GeV) (GeV) (events/GeV)
7 TeV, 5.1 fb~! BDT 0 3.2 61% 17% 19% 3% 1.21 114 33+04
BDT 1 16.3 88% 6% 6% - 1.26 1.08 375 + 13
BDT 2 215 92% 4% 4% - 1.59 132 748 £ 19
BDT 3 32.8 92% 4% 4% - 247 2.07 193.6 + 3.0
Dijet tag 29 27% 72% 1% - 173 137 1.7 £ 0.2
8 TeV, 5.3 fb~! BDT 0 6.1 68% 12% 16% 4% 138 123 74 £ 0.6
BDT 1 21.0 87% 6% 6% 1% 153 131 547 £ 15
BDT 2 30.2 92% 4% 4% - 194 1.55 1152+ 23
BDT 3 40.0 92% 4% 4% - 2.86 235 256.5 £ 34
Dijet tight 2.6 23% 77% - - 2.06 157 13+£0.2
Dijet loose 3.0 53% 45% 2% - 1.95 148 3.7+04

is increased to my /2, further reducing background with negligi-
ble loss of signal.

Jet selection criteria are applied to the two jets of largest pt
in the event within || < 4.7. The jet selection requirements are
optimized using simulated VBF signal and diphoton background
events. The pt thresholds for the two jets are 30 and 20 GeV, and
their 7 separation is required to be greater than 3.5. The dijet in-
variant mass is required to be greater than 350 and 250 GeV for
the 7 and 8 TeV data sets, respectively. The lower dijet invariant
mass requirement for the 8 TeV data set reflects the fact that for
the analysis of that data set, the dijet event category is divided
into two to increase the search sensitivity. This division creates
a second “tight” dijet-tagged category in which the dijet invari-
ant mass must be greater than 500 GeV and both jets must have
pr > 30 GeV. Two additional selection criteria, relating the dijet to
the diphoton system, are applied: the difference between the av-
erage pseudorapidity of the two jets and the pseudorapidity of the
diphoton system is required to be less than 2.5, and the difference
in azimuthal angle between the diphoton system and the dijet sys-
tem is required to be greater than 2.6 radians.

A multivariate regression is used to extract the photon energy
and a photon-by-photon estimate of the uncertainty in that mea-
surement. The calibration of the photon energy scale uses the
Z boson mass as a reference; ECAL showers coming from elec-
trons in Z — ee events are clustered and reconstructed in exactly
the same way as photon showers. The photon selection efficiency,
energy resolution, and associated systematic uncertainties are es-
timated from data, using Z — ee events to derive data/simulation
correction factors. The jet reconstruction efficiency, the efficiency
to correctly locate the vertex position, and the trigger efficiency,
together with the corresponding systematic uncertainties, are also
evaluated from data.

For the multivariate analysis, a boosted decision tree (BDT)
[119,120] is trained to give a high output value (score) for signal-
like events and for events with good diphoton invariant mass res-
olution, based on the following observables: (i) the photon quality
determined from electromagnetic shower shape and isolation vari-
ables; (ii) the expected mass resolution; (iii) the per-event estimate
of the probability of locating the diphoton vertex within 10 mm of
its true location along the beam direction; and (iv) kinematic char-
acteristics of the photons and the diphoton system. The kinematic
variables are constructed so as to contain no information about the
invariant mass of the diphoton system. The diphoton events not
satisfying the dijet selection are classified into five categories based
on the output of the BDT, with category boundaries optimized for
sensitivity to a SM Higgs boson. Events in the category with small-

est expected signal-to-background ratio are rejected, leaving four
categories of events. Dijet-tagged events with BDT scores smaller
than the threshold for the fourth category are also rejected. Sim-
ulation studies indicate that the background in the selected event
categories is dominated by the irreducible background from QCD
production of two photons and that fewer than 30% of the dipho-
ton events used in the analysis contain one or more misidentified
photons (predominantly from y + jet production).

Table 2 shows the expected number of signal events in each
event category for a SM Higgs boson (of my = 125 GeV), and the
background at m,, = 125 GeV, estimated from the fit described
below. The estimated mass resolution is also shown, measured
both by oeff, half the minimum width containing 68% of the signal
events, and by the full width at half maximum (FWHM). A large
variation in the expected signal-to-background ratio between the
categories can be seen, although as a consequence of the optimiza-
tion of the category boundaries the expected signal significances
in each category are rather similar. The differences in the relative
signal-to-background ratio between the categories are almost in-
dependent of my.

The background is estimated from data, without the use of
MC simulation, by fitting the diphoton invariant mass distribu-
tion in each of the categories in a range (100 < my, < 180 GeV)
extending slightly above and below that in which the search is
performed. The choices of the function used to model the back-
ground and of the fit range are made based on a study of the
possible bias in the measured signal strength. Polynomial functions
are used. The degree is chosen by requiring that the potential bias
be at least a factor of 5 smaller than the statistical accuracy of
the fit prediction. The required polynomial degree ranges from 3
to 5.

A further independent analysis (referred to as the sideband
background model) is performed using a different approach to the
background modelling. Its sensitivity is very similar to that of the
standard analysis. It employs a fit to the output of an additional
BDT that takes as input the diphoton invariant mass and the dipho-
ton BDT output, and uses a background model derived from the
sidebands of the invariant mass distribution. A fit to the diphoton
invariant mass distribution is used to obtain the background nor-
malisation. This fit is of a power law and excludes a window of
width +2% x my around the mass hypothesis. The methodology
allows a systematic uncertainty to be assigned to the fit shape.

The expected 95% CL upper limit on the signal strength o /oy,
in the background-only hypothesis, for the combined 7 and 8 TeV
data, is less than 1.0 in the range 110 < my < 140 GeV, with a
value of 0.76 at my = 125 GeV. The observed limit indicates the
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Fig. 2. The local p-value as a function of my in the yy decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass my.

presence of a significant excess at my = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of my in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson of mass 125 GeV corre-
sponds to 2.8(4.1)o. In the sideband-background-model and cross-
check analyses, the observed local p-values for my = 125 GeV cor-
respond to 4.6 and 3.70, respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is o /osy =
1.6+ 0.4.

In order to illustrate, in the my,, distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S + B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 20, wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.

52. H—> 177

In the H — ZZ — 4¢ decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110-160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 414, and 2e2u, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon-gluon
processes. Reducible contributions arise from Z+bb and tt produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background
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arises from Z + jets and WZ + jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification and isolation, and a kinematic discriminant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.

Electrons are required to have pr > 7 GeV and |n| < 2.5.
The corresponding requirements for muons are pr > 5 GeV and
|n] < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W + jets events, and the working point
is optimized using Z + jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
efficiency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification efficiency for muons
with pr < 15 GeV is measured using ][y decays.

The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |Sip| < 4 for each lepton, where Sip =1/07,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and o7 its uncertainty.

Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ — 4¢ and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |n| < 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within AR < 0.07 of a muon and have p¥ > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07 < AR < 0.5, they must
satisfy p¥ > 4 GeV, and be isolated within AR = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.

The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40-120 GeV
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Table 3

The number of selected events, compared to the expected background yields and expected number of signal
events (my = 125 GeV) for each final state in the H — ZZ analysis. The estimates of the Z + X background
are based on data. These results are given for the mass range from 110 to 160 GeV. The total background
and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an

excess is seen (121.5 < my, < 130.5 GeV).

Channel 4e 4 2e2u 4¢

ZZ background 27 £03 57 £ 0.6 72 £ 0.8 156 £ 14
Z+X 12753 0.9%97 23718 44722

All backgrounds (110 < my, < 160 GeV) 40+ 1.0 6.6 £ 0.9 9.7 £ 1.8 20+ 3
Observed (110 < mg4¢ < 160 GeV) 6 6 9 21

Signal (my =125 GeV) 136 £+ 0.22 274 + 032 344 + 044 7.54 + 0.78
All backgrounds (signal region) 0.7 £ 0.2 13 £ 0.1 19+ 03 38+ 05
Observed (signal region) 1 3 5 9

and the other pair is required to have a mass in the range
12-120 GeV. The ZZ background is evaluated from MC simula-
tion studies. Two different approaches are employed to estimate
the reducible and instrumental backgrounds from data. Both start
by selecting events in a background control region, well separated
from the signal region, by relaxing the isolation and identification
criteria for two same-flavour reconstructed leptons. In the first ap-
proach, the additional pair of leptons is required to have the same
charge (to avoid signal contamination) while in the second, two
opposite-charge leptons failing the isolation and identification cri-
teria are required. In addition, a control region with three passing
leptons and one failing lepton is used to estimate contributions
from backgrounds with three prompt leptons and one misidenti-
fied lepton. The event rates measured in the background control
region are extrapolated to the signal region using the measured
probability for a reconstructed lepton to pass the isolation and
identification requirements. This probability is measured in an in-
dependent sample. Within uncertainties, comparable background
counts in the signal region are estimated by both methods.

The number of selected ZZ — 4¢ candidate events in the mass
range 110 < myy < 160 GeV, in each of the three final states, is
given in Table 3, where my, is the four-lepton invariant mass. The
number of predicted background events, in each of the three fi-
nal states, and their uncertainties are also given, together with
the number of signal events expected from a SM Higgs boson of
my = 125 GeV. The my, distribution is shown in Fig. 4. There is a
clear peak at the Z boson mass where the decay Z — 4¢ is re-
constructed. This feature of the data is well reproduced by the
background estimation. The figure also shows an excess of events
above the expected background around 125 GeV. The total back-
ground and the numbers of events observed in the three bins
where an excess is seen are also shown in Table 3. The combined
signal reconstruction and selection efficiency, with respect to the
my = 125 GeV generated signal with my, > 1 GeV as the only cut,
is 18% for the 4e channel, 40% for the 4y channel, and 27% for the
2e2 channel.

The kinematics of the H — ZZ — 4¢ process in its centre-of-
mass frame, for a given invariant mass of the four-lepton system,
is fully described by five angles and the invariant masses of the
two lepton pairs [123-125]. These seven variables provide signif-
icant discriminating power between signal and background. The
momentum of the ZZ system may further differentiate signal from
background, but would introduce dependence on the production
mechanism, and on the modelling of the QCD effects, and is there-
fore not considered here. A kinematic discriminant is constructed
based on the probability ratio of the signal and background hy-
potheses, Kp = Psig/(Psig + Poig), as described in Ref. [126]. The
likelihood ratio is defined for each value of my,. For the signal, the
phase-space and Z propagator terms [127] are included in a fully
analytic parameterization [124], while the background probability
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Fig. 4. Distribution of the four-lepton invariant mass for the ZZ — 4¢ analysis.
The points represent the data, the filled histograms represent the background,
and the open histogram shows the signal expectation for a Higgs boson of mass
my = 125 GeV, added to the background expectation. The inset shows the my4, dis-
tribution after selection of events with Kp > 0.5, as described in the text.

is tabulated using a simulation of the qq — ZZ/Zy process. The
statistical analysis only includes events with mg4, > 100 GeV.

Fig. 5 (upper) shows the distribution of Kp versus my, for
events selected in the 4¢ subchannels. The colour-coded regions
show the expected background. Fig. 5 (lower) shows the same two-
dimensional distribution of events, but this time superimposed
on the expected event density from a SM Higgs boson (my =
125 GeV). A clustering of events is observed around 125 GeV with
a large value of Kp, where the background expectation is low and
the signal expectation is high, corresponding to the excess seen
in the one-dimensional mass distribution. The my, distribution of
events satisfying Kp > 0.5 is shown in the inset in Fig. 4.

There are three final states and two data sets (7 and 8 TeV),
and thus the statistical treatment requires six simultaneous two-
dimensional maximume-likelihood fits for each value of my, in the
variables mg4, and Kp. Systematic uncertainties are evaluated from
data for the trigger efficiency and for the combined lepton re-
construction, identification, and isolation efficiencies, as described
in [128]. Systematic uncertainties in the energy/momentum cal-
ibration and in the energy resolution are estimated from data.
Additional systematic uncertainties arise from limited statistical
precision in the reducible background control regions.

The expected 95% CL upper limit on the signal strength o /osy,
in the background-only hypothesis, for the combined 7 and 8 TeV
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Fig. 5. The distribution of events selected in the 4¢ subchannels for the kinematic
discriminant Kp versus mye. Events in the three final states are marked by filled
symbols (defined in the legend). The horizontal error bars indicate the estimated
mass resolution. In the upper plot the colour-coded regions show the background
expectation; in the lower plot the colour-coded regions show the event density
expected from a SM Higgs boson (my = 125 GeV) (both in arbitrary units). (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this Letter.)

data, falls steeply between 110 and 140 GeV, and has a value of 0.6
at my = 125 GeV. The observed upper limit indicates the presence
of a significant excess in the range 120 < my < 130 GeV. The local
p-value is shown as a function of my in Fig. 6 for the 7 and 8 TeV
data, and for their combination. The minimum local p-value in the
data occurs at my = 125.6 GeV and has a significance of 3.20 (ex-
pected 3.80). The combined best-fit signal strength for a SM Higgs
boson mass hypothesis of 125.6 GeV is o /osy = 0.7‘:8:‘3‘.

6. Decay modes with low mass resolution
6.1. H—> WW

The decay mode H— WW is highly sensitive to a SM Higgs bo-
son in the mass range around the WW threshold of 160 GeV. With
the development of tools for lepton identification and E}“iss recon-
struction optimized for LHC pileup conditions, it is possible to ex-
tend the sensitivity down to 120 GeV. This decay mode is analysed
by selecting events in which both W bosons decay leptonically, re-
sulting in a signature with two isolated, oppositely charged leptons
(electrons or muons) and large E;"iss due to the undetected neu-
trinos [129,130]. A pt threshold of 20 (10) GeV is applied to the
lepton leading (subleading) in pr. The analysis of the 7 TeV data
is described in Ref. [26] and remains unchanged, while the 8 TeV
analysis was modified to cope with more difficult conditions in-
duced by the higher pileup of the 2012 data taking.
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Fig. 6. The observed local p-value for the ZZ decay mode as a function of the SM
Higgs boson mass. The dashed line shows the expected local p-values for a SM
Higgs boson with a mass my.

Events are classified according to the number of jets (0, 1, or 2)
with pr > 30 GeV and within |n| < 4.7 (|n| < 5.0 for the 7 TeV
data set), and further separated into same-flavour (ee and uu) or
different-flavour (eu) categories. Events with more than two jets
are rejected. To improve the sensitivity of the analysis, the selec-
tion criteria are optimized separately for the different event cate-
gories since they are characterised by different dominating back-
grounds. The zero-jet ey category has the best signal sensitivity.
Its main backgrounds are irreducible nonresonant WW produc-
tion and reducible W + jets processes, where a jet is misidentified
as a lepton. The one-jet e and zero-jet same-flavour categories
only contribute to the signal sensitivity at the 10% level because
of larger backgrounds, from top-quark decays and Drell-Yan pro-
duction, respectively. Event selection in the two-jet category is
optimized for the VBF production mechanism. This category has
the highest expected signal-to-background ratio, but its contribu-
tion to the overall sensitivity is small owing to the lower cross
section relative to inclusive production.

The projected E?iss variable [26] is used to reduce the Drell-
Yan background arising from events where the E;“iss vector is
aligned with the lepton pr, as well as events with mismeasured
E%“iss associated with poorly reconstructed leptons and jets. The

projected E%“SS is defined as the transverse component of the E%‘iss
vector with respect to the closest lepton direction, if it is closer
than 7/2 in azimuthal angle, or the full E;“iss otherwise. Since
pileup degrades the projected E;“iss resolution, the minimum of
two different projected E;“iss definitions is used: the first includes
all particle candidates in the event, while the second uses only
the charged particle candidates associated with the primary ver-
tex. In the 8 TeV analysis, the minimum projected E;"iss defined
in this way is then required to be above a threshold that varies
by category. For my > 140 GeV, projected E;“iss is required to be
greater than 20 GeV in the eu channel, and greater than 45 GeV in
the same-flavour channels. For my < 140 GeV in the same-flavour
channels, where it is more difficult to separate the signal from the
Drell-Yan background, a multivariate selection is used, combining
kinematic and topological variables. In the two-jet category, a sim-
ple selection of E%“SS > 45 GeV is applied. To further reduce the
Drell-Yan background in the same-flavour final states, events with
a dilepton mass within 15 GeV of the Z boson mass are rejected.
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Table 4

Observed number of events, background estimates, and signal predictions for my = 125 GeV in each category of the
WW analysis of the 8 TeV data set. All the selection requirements have been applied. The combined experimental and
theoretical, systematic and statistical uncertainties are shown. The Zy process includes the dimuon, dielectron, and

TT — £¢ final states.

Category: O-jet e 0-jet £¢ 1-jet ep 1-jet £¢ 2-jet e 2-jet £¢
ww 87.6 + 9.5 60.4 + 6.7 195 + 3.7 97+19 04+01 0301
WZ+7Z+Zy 22+02 377 £ 125 24403 87+49 01+00 31+18
Top 93 +27 19 £ 05 223 £20 95+11 34+19 2012
W + jets 191 + 7.2 10.8 + 4.3 117 + 4.6 39+17 03+03 00+00
wy 6.0 +23 46 +25 59 + 32 13412 00+00 00400
All backgrounds 1242 £124  1155+£150 617+70 331+57 41+19 54422
Signal (my = 125 GeV) 239 +52 14.9 + 33 103+30 44413 15402 08+01
Data 158 123 54 43 6 7
L . - - -1
The background from low-mass resonances is rejected by requiring CcMS /s=8TeV,L=5.11fb
a dilepton invariant mass greater than 12 GeV. [T T T T T T T
. To suppress the top-quark bac!(ground., a .“top ta.gging" tech- % L ¢ data i
nique ba.sed on soft-muon and b-jet ta_gglng is app!led. _The first 10} 40 B [] my = 125 GeV 7]
method is designed to veto events containing muons in b jets com- T} L WW ]
ing from decays of top quarks. The second method uses a b-jet 7 I W ]
tagging algorithm, which looks within jets for tracks with large 2 30} top |
impact parameters. The algorithm is applied also in the case of c r i ]
. . . . . w 3 B Ztjets 1
zero-jet events, which may contain low-prt jets below the selection L . ]
threshold. To reduce the background from WZ production, events ol Wjets B
with a third lepton passing the identification and isolation require- L B i
ments are rejected. r ]
Yields for the dominant backgrounds are estimated using con- LT i
trol regions in the data. The W + jets contribution is derived from 10 B -
data using a “tight-loose” sample in which one lepton passes i + + i
the standard criteria and the other does not, but instead satisfies Lo F %ﬂ .
a “loose” set of requirements. The efficiency €jo0se for a jet that ol Ll "‘#ﬁ ,M oo 4
satisfies the loose selection to pass the tight selection is deter- 0 50 100 150 200
mined using data from an independent loose lepton-trigger sample m,(GeV)

dominated by jets. The background contamination is then esti-
mated using the events of the “tight-loose” sample weighted by
€100se/ (1 — €l00se). The normalisation of the top-quark background
is estimated by counting the number of top-tagged events and ap-
plying the corresponding top-tagging efficiency. The nonresonant
WW contribution is normalised by using events with a dilepton
mass larger than 100 GeV, where the Higgs boson signal con-
tamination is negligible, extrapolated to the signal region using
simulated samples. The same-flavour Drell-Yan background is nor-
malised using the number of events observed with a dilepton mass
within 7.5 GeV of the Z boson mass, after subtracting the non-
Drell-Yan contribution. Other minor backgrounds from Wz, ZZ,
and Wy are estimated from simulation.

The 7 TeV data are analysed by training a BDT for each Higgs
boson mass hypothesis in the zero-jet and one-jet event cate-
gories, while a simple selection strategy is employed in the VBF
category [26]. In the BDT analysis, the Higgs boson signal is sepa-
rated from the background by using a binned maximum-likelihood
fit to the classifier distribution. The 8 TeV analysis is based on
a simple selection strategy optimized for each mass hypothesis,
where additional kinematic and topological requirements are ap-
plied to improve the signal-to-background ratio. One of the most
sensitive variables to discriminate between H — WW decays and
nonresonant WW production is the dilepton invariant mass mgy.
This quantity is shown in Fig. 7 for the zero-jet eu category af-
ter the full selection for my = 125 GeV, except for the selection
on my, itself. Table 4 shows for the 8 TeV analysis the number of
events selected in data, background estimates, and signal predic-
tions for my = 125 GeV in each analysis category after applying all
the selection requirements. About 97% of the signal events selected

Fig. 7. Distribution of my, for the zero-jet ep category in the H — WW search at
8 TeV. The signal expected from a Higgs boson with a mass my = 125 GeV is shown
added to the background.

in the zero-jet ew category are expected to be produced by the
gluon-gluon fusion process, whereas 83% of the signal in the two-
jet ew category is expected to be produced by the VBF process.
The 95% CL expected and observed limits for the combination of
the 7 and 8 TeV analyses are shown in Fig. 8. A broad excess is ob-
served that is consistent with a SM Higgs boson of mass 125 GeV.
This is illustrated by the dotted curve in Fig. 8 showing the me-
dian expected limit in the presence of a SM Higgs boson with
my = 125 GeV. The expected significance for a SM Higgs of mass
125 GeV is 2.40 and the observed significance is 1.60.

62 H—> 11

The decay mode H — tt is searched for in four exclusive sub-
channels, corresponding to different decays of the t pair: eu,
Ui, ety, and pty, where electrons and muons arise from leptonic
T decays, and 1, denotes hadronic T decays. The latter are recon-
structed by selecting T decays consistent with the hypothesis of
three charged pions, or one charged pion and up to two neutral
pions [131]. The search is made in the mass range 110-145 GeV,
and a signal should appear as a broad excess in the distribution of
the T-pair invariant mass m<.

The sensitivity of the search is improved by classifying the
events according to jet multiplicity and the transverse momentum
of the reconstructed t. The multiplicity of jets with pr > 30 GeV
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Fig. 9. Distribution of m;; in the combined 7 and 8 TeV data sets for the ut,
VBF category of the H — 7t search. The signal expected from a SM Higgs boson
(myg =125 GeV) is added to the background.

reflects the production mechanism: events with zero or one jet are
likely to come from the gluon-gluon fusion process, while events
with two jets are candidates for VBF production. Events includ-
ing b jets with pt > 20 GeV are removed from zero- and one-jet
categories. The signal purities in the zero- and one-jet categories
are increased, and the m;; resolution is improved, by separating
events into low- and high-pr subchannels. The high-pt subchan-
nels are defined by p?‘ > 40 GeV in channels with a hadronic t
decay, and p‘T‘ > 35 (30) GeV in the ex (up) channel. The mass
me¢ is reconstructed with an algorithm [132] combining the visi-
ble T decay products and the missing transverse energy, achieving
a resolution of about 20% on m;;. Fig. 9 shows as an example the
reconstructed m, distribution in the wt, VBF category for the
combined 7 and 8 TeV data samples.

Backgrounds in the eu and up channels arise from tt and
Drell-Yan production, while W and Z production with a misiden-
tified 7, candidate from an electron, muon, or jet dominates in
the hadronic channels. Backgrounds from Z — 7t decays are mod-
elled with Z— ppu events in data where each muon is replaced

Table 5

Numbers of expected and observed events in the most sensitive event categories
(VBF) in the H — vt analysis for the 7 and 8 TeV data sets. The expected signal
yields for a SM Higgs boson with my = 125 GeV are also shown. Combined statisti-
cal and systematic uncertainties in each estimate are reported.

Subchannel ety ITh en L
Z—>71TT 53+5 100 + 9 56 + 12 53+04
QCD 35+ 7 41+ 9 74 + 14 -

W + jets 46 + 10 72 £ 15 - -

Z -+ jets 1342 25+06 - -

Z— pup - - - 70 £ 8
tt 70 + 1.7 14+£3 24 + 2 6.7 £ 1.5
Dibosons 12 £ 0.9 29 £ 21 11+£2 24+ 09
All backgrounds 156 + 13 233 £ 20 99 + 13 85+9
Signal (my = 125 GeV) 43 + 0.6 77 £ 11 35+ 04 0.8 + 0.1
Data 142 263 110 83
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Fig. 10. The 95% CL limit on the signal strength o /osy for a Higgs boson decaying
to 7 pairs, for the combined 7 and 8 TeV data sets. The symbol o /osv denotes
the production cross section times the relevant branching fractions, relative to the
SM expectation. The background-only expectations are represented by their median
(dashed line) and by the 68% and 95% CL bands. The dotted curve shows the median
expected limit for a SM Higgs boson with my = 125 GeV.

with particles from simulated decays of a T with the same mo-
mentum as the muon. Reducible backgrounds, comprising W + jets,
QCD multijet production, and residual Z — ee events, are estimated
from the data [27]. An improved signal-to-background ratio is
achieved by including explicitly in the event selection for the VBF
production mechanism the pseudorapidity separation between for-
ward jets and the large invariant mass of the dijet system. Table 5
shows the numbers of expected and observed events in the most
sensitive event categories (VBF) for the 7 and 8 TeV data sets. The
expected signal yields for a SM Higgs boson with my = 125 GeV
are also shown.

To search for the presence of a Higgs boson signal in the se-
lected events, a binned maximum-likelihood fit to m;; is per-
formed jointly across the four final states, each with five event
categories. Systematic uncertainties are represented by nuisance
parameters in the fitting process. The expected and observed 95%
CL limits on the signal strength for the combination of all cat-
egories are shown in Fig. 10. The expected and observed limits
are 1.3 and 1.1 times the SM Higgs boson cross section at mass
125 GeV, respectively. The expected significance for a SM Higgs
boson of mass 125 GeV is 1.40, and the observed value is zero.
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Fig. 11. Distribution of BDT scores for the high-pr subchannel of the Z(vv)H(bb)
search in the 8 TeV data set after all selection criteria have been applied. The signal
expected from a Higgs boson (my = 125 GeV), including W(£v)H events where the
charged lepton is not reconstructed, is shown added to the background and also
overlaid for comparison with the diboson background.

6.3. H— bb

For my < 135 GeV, the decay H — bb has the largest branch-
ing fraction of the five search modes, but the inclusive signal is
overwhelmed by QCD production of bottom quarks. The analysis
is therefore designed to search for the associated production of
the Higgs boson in events where a dijet resonance is produced
at high pr in association with a W or Z boson; this largely sup-
presses the QCD background. Five independent search channels are
explored corresponding to different decays of the vector boson:
Z(¢LOH, Z(vv)H, and W(¢v)H. Events are further separated into
two categories based on the pr of the vector boson, ranging from
50-100 GeV for the lowest bin in the Z(¢¢) search, to greater than
170 GeV for the highest bin in the W(£v) search. For the Z(vv)
search, two subchannels are defined as 120 < E;“iss < 160 GeV and
E%“SS > 160 GeV. The two jets comprising the candidate Higgs bo-
son decay are required to be identified as b jets, and the dijet
system must satisfy a pr threshold that is optimized within each
channel: greater than 120 GeV for WH, 160 GeV for Z(vv)H, and
no explicit threshold for Z(¢¢)H.

Dominant backgrounds arise from production of vector bosons
in association with jets, pair- or single-production of top quarks,
and diboson production (WW, WZ, ZZ) with one of the bosons de-
caying hadronically. Significant background rejection is achieved in
general by requiring large pt for the dijet, while also requiring that
there be minimal additional jet activity and that the vector bo-
son and dijet be back to back in azimuth. The effect on the signal
efficiency of this selection due to higher-order electroweak [133]
and QCD [91] corrections is accounted for in the systematic un-
certainties. Further signal discrimination is obtained from the dijet
invariant mass, which is expected to peak near my. A multivariate
regression algorithm to better estimate b-jet pr is trained on jets
in simulated signal events and achieves a final dijet mass resolu-
tion of 8-9% for my = 125 GeV. The performance of the regression
algorithm is checked in data using W/Z + jets and tt events.

A search for the signal is made in the distribution of scores
of a BDT trained at discrete mass points. Input variables to the
BDT algorithm exploit kinematic and topological information about
the vector boson and dijet systems, and the colour-singlet nature
of the Higgs boson [134]. The distribution of scores in simulated
background events is checked using control regions in the data
designed to enrich individual background contributions. Fig. 11
shows as an example the BDT scores for the high-pr subchannel
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Fig. 12. The 95% CL limit on the signal strength o /ogy for a Higgs boson decaying to
two b quarks, for the combined 7 and 8 TeV data sets. The symbol o /osy denotes
the production cross section times the relevant branching fractions, relative to the
SM expectation. The background-only expectations are represented by their median
(dashed line) and by the 68% and 95% CL bands. The dotted curve shows the median
expected limit for a SM Higgs boson with my = 125 GeV.

of the Z(vv)H channel in the 8 TeV data set, after all selection cri-
teria have been applied.

The rates for the dominant backgrounds arising from produc-
tion of W/Z + jets and top-quark pairs are estimated in data [28],
while contributions from single-top and diboson production are es-
timated from simulation studies. The signal is then searched for as
an excess in the BDT score distribution using the predicted shapes
for signal and background events, for Higgs boson masses in the
range 110-135 GeV.

Combined results for expected and observed 95% CL limits ob-
tained from the 7 and 8 TeV data sets are displayed in Fig. 12. The
expected and observed limits are 1.6 and 2.1 times the SM Higgs
boson cross section at mass 125 GeV. The expected local p-value
for a SM Higgs of mass 125 GeV corresponds to 1.90, while the
observed value corresponds to 0.7c.

7. Combined results

The individual results for the channels analysed for the five de-
cay modes, summarised in Table 1, are combined using the meth-
ods outlined in Section 4. The combination assumes the relative
branching fractions predicted by the SM and takes into account
the experimental statistical and systematic uncertainties as well as
the theoretical uncertainties, which are dominated by the imper-
fect knowledge of the QCD scale and parton distribution functions.
The CLs is shown in Fig. 13 as a function of the Higgs boson mass
hypothesis. The observed values are shown by the solid points.
The dashed line indicates the median of the expected results for
the background-only hypothesis, with the green (dark) and yel-
low (light) bands indicating the ranges in which the CLg values
are expected to lie in 68% and 95% of the experiments under the
background-only hypothesis. The probabilities for an observation,
in the absence of a signal, to lie above or below the 68% (95%)
band are 16% (2.5%) each. The thick horizontal lines indicate CLg
values of 0.05, 0.01, and 0.001. The mass regions where the ob-
served CLg values are below these lines are excluded with the
corresponding (1 —CLs) confidence levels. Our previously published
results exclude the SM Higgs boson from 127 to 600 GeV [21]. In
the search described here, the SM Higgs boson is excluded at 95%
CL in the range 110 < my < 121.5 GeV. In the range 121.5 <my <
128 GeV a significant excess is seen and the SM Higgs boson can-
not be excluded at 95% CL.
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p-values for a SM Higgs boson with a mass my.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.20" and 3.8¢0
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.00 for
my = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the yy and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.00 (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the yy and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.60 for my ~ 125 GeV. When added to
the yy and ZZ decay modes, the combined significance becomes
5.10. Adding the 7t and bb channels in the combination, the final
significance becomes 5.0c0. Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.
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Table 6

The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for my = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (o) Observed (o)

vy 2.8 41
Y44 3.8 3.2
7T +bb 24 0.5
yy +2Z 4.7 5.0
Yy +72+WW 5.2 5.1
Yy +ZZ+WW + 17 +bb 5.8 5.0

The global p-value for the search range 115-130 (110-145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.60 (4.50). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].
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Fig. 17. The 68% CL contours for the signal strength o /oy versus the boson mass
my for the untagged yy, yy with VBF-like dijet, 4¢, and their combination. The
symbol o /osy denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass my of the observed boson is determined using the
yy and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
yy decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from myz to my ~ 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z— ee and H— yy (my = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the yy event categories in the 7 and 8 TeV data. For
the ZZ — 4¢ decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength o /osy versus my for the three channels (untagged yy,
dijet-tagged yy, and ZZ — 4¢). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of my in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass my. The combined best-fit mass is
my = 125.3 £ 0.4(stat.) = 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength o /osy, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall o /osym
obtained in the combination of all channels versus a hypothesised
Higgs boson mass my. The band corresponds to the +10 uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are
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Fig. 18. The observed best-fit signal strength o /ogy as a function of the SM Higgs
boson mass in the range 110-145 GeV for the combined 7 and 8 TeV data sets. The
symbol o /osy denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the +1 standard
deviation uncertainty in o /osy.
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ing fractions, relative to the SM expectation. The horizontal bars indicate the +1
standard deviation uncertainties in the o /osy values for individual modes; they
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consistent with unity within the +10 uncertainties. The observed
o /osm value for an excess at 125.5 GeV in a combination of all
data is 0.87£0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of o /osy results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton-proton collisions at /s =7 and 8 TeV in
the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 51 fb~! at 7 TeV and
5.3 fb~! at 8 TeV. The search is performed in five decay modes:
yy, ZZ, WTW~, t77t~, and bb. An excess of events is observed
above the expected background, with a local significance of 5.00,
at a mass near 125 GeV, signalling the production of a new par-
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ticle. The expected local significance for a standard model Higgs
boson of that mass is 5.80. The global p-value in the search range
of 115-130 (110-145) GeV corresponds to 4.60 (4.50 ). The excess
is most significant in the two decay modes with the best mass
resolution, ¥y and ZZ, and a fit to these signals gives a mass of
125.3 4 0.4(stat.) £ 0.5(syst.) GeV. The decay to two photons in-
dicates that the new particle is a boson with spin different from
one. The results presented here are consistent, within uncertain-
ties, with expectations for the standard model Higgs boson. The
collection of further data will enable a more rigorous test of this
conclusion and an investigation of whether the properties of the
new particle imply physics beyond the standard model.
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