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Observation of a New Particle in the Search for the Standard Model Higgs Boson
with the ATLAS Detector at the LHC

The ATLAS Collaboration

This paper is dedicated to the memory of our ATLAS colleagueswho did not live to see the full impact and
significance of their contributions to the experiment.

Abstract

A search for the Standard Model Higgs boson in proton-protoncollisions with the ATLAS detector at the
LHC is presented. The datasets used correspond to integrated luminosities of approximately 4.8 fb−1 collected at√

s = 7 TeV in 2011 and 5.8 fb−1 at
√

s = 8 TeV in 2012. Individual searches in the channelsH→ZZ(∗)→ 4ℓ,
H→ γγ and H→WW (∗)→ eνµν in the 8 TeV data are combined with previously published results of searches for
H→ZZ(∗), WW (∗), bb̄ and τ+τ− in the 7 TeV data and results from improved analyses of theH→ ZZ(∗)→ 4ℓ and
H→ γγ channels in the 7 TeV data. Clear evidence for the productionof a neutral boson with a measured mass of
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV is presented. This observation, which has a significance of 5.9 standard devia-
tions, corresponding to a background fluctuation probability of 1.7 × 10−9, is compatible with the production and
decay of the Standard Model Higgs boson.

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 interactions. However, the mecha-
nism 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 ele-
mentary particle in the SM that has not yet been ob-
served, is one of the highlights of the Large Hadron Col-
lider [11] (LHC) physics programme.

Indirect limits on the SM Higgs boson mass ofmH <

158 GeV at 95% confidence level (CL) have been set
using global fits to precision 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 compatible with SM
Higgs boson production and decay in the mass region
124–126GeV, with significances of 2.9 and 3.1 standard

deviations (σ), respectively [17, 18]. The CDF and DØ
experiments at the Tevatron have also recently reported
a broad excess in the mass region 120–135GeV; using
the existing LHC constraints, the observed local signifi-
cances formH = 125 GeV are 2.7σ for CDF [14], 1.1σ
for DØ [15] and 2.8σ for their combination [16].

The previous ATLAS searches in 4.6–4.8 fb−1 of data
at
√

s = 7 TeV are combined here with new searches for
H→ ZZ(∗)→ 4ℓ1, H→ γγ andH→WW (∗)→ eνµν in the
5.8–5.9 fb−1 of pp collision data taken at

√
s = 8 TeV

between April and June 2012.
The data were recorded with instantaneous luminosi-

ties up to 6.8 × 1033 cm−2s−1; they are therefore af-
fected by multiplepp 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 approximately 20 in the 8 TeV data. The reconstruc-
tion, identification and isolation criteria used for elec-
trons and photons in the 8 TeV data are improved, mak-
ing the H→ZZ(∗)→ 4ℓ and H→ γγ searches more ro-
bust against the increased pile-up. These analyses were
re-optimised with simulation and frozen before looking
at the 8 TeV data.

1The symbolℓ stands for electron or muon.
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In theH→WW (∗)→ ℓνℓν channel, the increased pile-
up deteriorates the event missing transverse momentum,
Emiss

T , resolution, which results in significantly larger
Drell-Yan background in the same-flavour final states.
Since theeµ channel provides most of the sensitivity
of the search, only this final state is used in the anal-
ysis of the 8 TeV data. The kinematic region in which
a SM Higgs boson with a mass between 110 GeV and
140 GeV is 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 de-
tector is briefly described in Section 2. The simula-
tion samples and the signal predictions are presented in
Section 3. The analyses of theH→ZZ(∗)→ 4ℓ, H→ γγ

andH→WW (∗)→ eνµν channels are described in Sec-
tions 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 combination of all channels are re-
ported in Section 9, while Section 10 provides the con-
clusions.

2. The ATLAS detector

The ATLAS detector [19–21] is a multipurpose parti-
cle physics apparatus with forward-backward symmet-
ric cylindrical geometry. The inner tracking detector
(ID) consists of a silicon pixel detector, a silicon mi-
crostrip detector (SCT), and a straw-tube transition ra-
diation tracker (TRT). The ID is surrounded by a thin su-
perconducting solenoid which provides a 2 T magnetic
field, and by high-granularity liquid-argon (LAr) sam-
pling electromagnetic calorimetry. The electromagnetic
calorimeter is divided into a central barrel (pseudora-
pidity2 |η| < 1.475) and end-cap regions on either end
of the detector (1.375 < |η| < 2.5 for the outer wheel
and 2.5 < |η| < 3.2 for the inner wheel). In the region
matched to the ID (|η| < 2.5), it is radially segmented
into three layers. The first layer has a fine segmentation

2ATLAS uses a right-handed coordinate system with its originat
the nominal interaction point (IP) in the centre of the detector, and
the z-axis along the beam line. Thex-axis points from the IP to the
centre of the LHC ring, and they-axis points upwards. Cylindrical co-
ordinates (r, φ) are used in the transverse plane,φ being the azimuthal
angle around the beam line. Observables labelled “transverse” are
projected into thex − y plane. The pseudorapidity is defined in terms
of the polar angleθ asη = − ln tan(θ/2).

in η to facilitatee/γ separation fromπ0 and to improve
the resolution of the shower position and direction mea-
surements. In the region|η| < 1.8, the electromagnetic
calorimeter is preceded by a presampler detector to cor-
rect for upstream energy losses. An iron-scintillator/tile
calorimeter gives hadronic coverage in the central ra-
pidity range (|η| < 1.7), while a LAr hadronic end-cap
calorimeter provides coverage over 1.5 < |η| < 3.2. The
forward regions (3.2 < |η| < 4.9) are instrumented with
LAr calorimeters for both electromagnetic and hadronic
measurements. The muon spectrometer (MS) surrounds
the calorimeters and consists of three large air-core su-
perconducting magnets providing a toroidal field, each
with eight coils, a system of precision tracking cham-
bers, and fast detectors for triggering. The combi-
nation of all these systems provides charged particle
measurements together with efficient and precise lepton
and photon measurements in the pseudorapidity range
|η| < 2.5. Jets andEmiss

T are reconstructed using en-
ergy deposits over the full coverage of the calorimeters,
|η| < 4.9.

3. Signal and background simulation samples

The SM Higgs boson production processes con-
sidered in this analysis are the dominant gluon fu-
sion (gg → H, denoted ggF), vector-boson fusion
(qq′ → qq′H, denoted VBF) and Higgs-strahlung
(qq′ → WH, ZH, denotedWH/ZH). The small con-
tribution from the associated production with att pair
(qq̄/gg → tt̄H, denotedtt̄H) is taken into account only
in theH→ γγ analysis.

For the ggF process, the signal cross section is com-
puted at up to next-to-next-to-leading order (NNLO)
in QCD [22–28]. Next-to-leading order (NLO) elec-
troweak (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 factori-
sation between QCD and EW corrections. The trans-
verse momentum,pT, spectrum of the Higgs boson in
the ggF process follows theHqT calculation [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 correc-
tions up to NLO [38–41] and approximate NNLO QCD
corrections [42] are used to calculate the cross sec-
tion. Cross sections of the associatedWH/ZH processes
(VH) are calculated including QCD corrections up to
NNLO [43–45] and EW corrections up to NLO [46].
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The cross sections for thett̄H process are estimated up
to NLO QCD [47–51].

The total cross sections for SM Higgs boson produc-
tion at the LHC withmH = 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 ofmH , as well as their uncertainties, are calcu-
lated using the HDECAY [54] and PROPHECY4F [55,
56] programs and are taken from Refs. [52, 53]. The
interference in theH→ ZZ(∗)→ 4ℓ final states with iden-
tical leptons is taken into account [53, 55, 56].

Table 1: Event generators used to model the signal and background
processes. “PYTHIA” indicates that PYTHIA6 and PYTHIA8 are
used for simulations of

√
s = 7 TeV and

√
s = 8 TeV data, respec-

tively.

Process Generator
ggF, VBF POWHEG [57, 58]+PYTHIA
WH, ZH, tt̄H PYTHIA
W+jets,Z/γ∗+jets ALPGEN [59]+HERWIG
tt, tW, tb MC@NLO [60]+HERWIG
tqb AcerMC [61]+PYTHIA
qq̄→ WW MC@NLO+HERWIG
gg→ WW gg2WW [62]+HERWIG
qq̄→ ZZ POWHEG [63]+PYTHIA
gg→ ZZ gg2ZZ [64]+HERWIG
WZ MadGraph+PYTHIA, HERWIG
Wγ+jets ALPGEN+HERWIG
Wγ∗ [65] MadGraph+PYTHIA
qq̄/gg→ γγ SHERPA

The event generators used to model signal and back-
ground processes in samples of Monte Carlo (MC) sim-
ulated events are listed in Table 1. The normalisations
of the generated samples are obtained from the state of
the art calculations described above. Several different
programs are used to generate the hard-scattering pro-
cesses. To generate parton showers and their hadroni-
sation, and to simulate the underlying event [66–68],
PYTHIA6 [69] (for 7 TeV samples and 8 TeV sam-
ples produced with MadGraph [70, 71] or AcerMC) or
PYTHIA8 [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 simulation performed using
JIMMY [75]. When PYTHIA6 or HERWIG are used,
TAUOLA [76] and PHOTOS [77] are employed to de-
scribe 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, HERWIG
and SHERPA samples; and MRSTMCal [80] for the
PYTHIA6 samples.

Acceptances and efficiencies are obtained mostly
from full simulations of the ATLAS detector [81] us-
ing Geant4 [82]. These simulations include a realistic
modelling of the pile-up conditions observed in the data.
Corrections obtained from measurements in data are ap-
plied to account for small differences between data and
simulation (e.g. large samples ofW, Z andJ/ψ decays
are used to derive scale factors for lepton reconstruction
and identification efficiencies).

4. H → ZZ
(∗)
→ 4ℓ channel

The search for the SM Higgs boson through the
decay H → ZZ(∗) → 4ℓ, where ℓ = e or µ, pro-
vides good sensitivity over a wide mass range (110-
600 GeV), largely due to the excellent momentum reso-
lution of the ATLAS detector. This analysis searches
for Higgs boson candidates by selecting two pairs of
isolated leptons, each of which is comprised of two lep-
tons with the same flavour and opposite charge. The
expected cross section times branching ratio for the pro-
cessH → ZZ(∗) → 4ℓ with mH = 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(∗)/γ∗)(Z(∗)/γ∗) production, referred to hereafter as
ZZ(∗). For low masses there are also important back-
ground contributions fromZ + jets andtt̄ production,
where charged lepton candidates arise either from de-
cays of hadrons withb- 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 respect to Ref. [83] to enhance the sensitiv-
ity to a low-mass Higgs boson. In particular, the kine-
matic selections are revised, and the 8 TeV data anal-
ysis benefits from improvements in the electron recon-
struction and identification. The expected signal sig-
nificances for a Higgs boson withmH = 125 GeV are
1.6σ for the 7 TeV data (to be compared with 1.25σ
in Ref. [83]) and 2.1σ for the 8 TeV data.

4.1. Event selection

The data are selected using single-lepton or dilepton
triggers. For the single-muon trigger, thepT threshold
is 18 GeV for the 7 TeV data and 24 GeV for the 8 TeV
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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 addi-
tional 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 recon-
structed ID tracks with either a complete track or a
track-segment reconstructed in the MS [84]. The muon
acceptance is extended with respect to Ref. [83] us-
ing tracks reconstructed in the forward region of the
MS (2.5 < |η| < 2.7), which is outside the ID cov-
erage. If both an ID and a complete MS track are
present, the two independent 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 electromag-
netic calorimeter cluster and the cluster should satisfy
a set of identification criteria [85] that require the lon-
gitudinal and transverse shower profiles to be consis-
tent with those expected for electromagnetic showers.
Tracks associated with electromagnetic clusters are fit-
ted using a Gaussian-Sum Filter [86], which allows for
bremsstrahlung energy losses to be taken into account.

Each electron (muon) must satisfypT > 7 GeV
(pT > 6 GeV) and be measured in the pseudorapidity
range|η| < 2.47 (|η| < 2.7). All possible quadruplet
combinations with same-flavour opposite-charge lepton
pairs are then formed. The most energetic lepton in the
quadruplet must satisfypT > 20 GeV, and the second
(third) lepton in pT order must satisfypT > 15 GeV
(pT > 10 GeV). At least one of the leptons must
satisfy the single-lepton trigger or one pair must sat-
isfy the dilepton trigger requirements. The leptons are
required to be separated from each other by∆R =
√

(∆η)2 + (∆φ)2 > 0.1 if they are of the same flavour
and by∆R > 0.2 otherwise. The longitudinal impact pa-
rameters 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

∑

p2
T 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 invariant mass closest to theZ boson mass (mZ)
in the quadruplet is referred to as the leading lepton pair.
Its invariant mass, denoted bym12, 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,m34, is required to be
in the rangemmin < m34 < 115 GeV, where the value
of mmin depends on the reconstructed four-lepton in-
variant mass,m4ℓ. The value ofmmin varies monoton-
ically from 17.5 GeV atm4ℓ = 120 GeV to 50 GeV
at m4ℓ = 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
mℓℓ > 5 GeV in order to reject backgrounds involving
the production and decay ofJ/ψmesons. If two or more
quadruplets satisfy the above selection, the one with the
highest value ofm34 is selected. Four different analysis
sub-channels, 4e, 2e2µ, 2µ2e and 4µ, arranged by the
flavour of the leading lepton pair, are defined.

Non-prompt leptons from heavy flavour decays, elec-
trons from photon conversions and jets mis-identified
as electrons have broader transverse impact parameter
distributions than prompt leptons fromZ boson decays
and/or are non-isolated. Thus, theZ+jets andtt̄ back-
ground contributions are reduced by applying a cut on
the transverse impact parameter significance, defined as
the transverse impact parameter divided by its uncer-
tainty,d0/σd0. 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 dis-
tribution.

In addition, leptons must satisfy isolation require-
ments based on tracking and calorimetric information.
The normalised track isolation discriminant is defined
as the sum of the transverse momenta of tracks inside a
cone of size∆R = 0.2 around the lepton direction, ex-
cluding the lepton track, divided by the leptonpT. The
tracks considered in the sum are those compatible with
the lepton vertex and havepT > 0.4 GeV (pT > 1 GeV)
in the case of electron (muon) candidates. Each lepton
is required to have a normalised track isolation smaller
than 0.15. The normalised calorimetric isolation for
electrons is computed as the sum of theET of positive-
energy topological clusters [88] with a reconstructed
barycentre falling within a cone of size∆R = 0.2 around
the candidate 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 cor-
rection is applied to account for the electron energy de-
posited outside the cluster. The ambient energy deposi-
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tion in the event from pile-up and the underlying event
is accounted for using a calculation of the median trans-
verse energy density from low-pT jets [89, 90]. The nor-
malised 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
pT of the muon of theET sum of the calorimeter cells
inside a cone of size∆R = 0.2 around the muon direc-
tion minus the energy deposited by the muon. Muons
are required to have a normalised calorimetric isolation
less than 0.30 (0.15 for muons without an associated ID
track). For both the track- and calorimeter-based isola-
tion, any contributions arising from other leptons of the
quadruplet are subtracted.

The combined signal reconstruction and selection ef-
ficiencies for a SM Higgs withmH = 125 GeV for the
7 TeV (8 TeV) data are 37% (36%) for the 4µ channel,
20% (22%) for the 2e2µ/2µ2e channels and 15% (20%)
for the 4e channel.

The 4ℓ invariant mass resolution is improved by ap-
plying aZ-mass constrained kinematic fit to the leading
lepton pair form4ℓ < 190 GeV and to both lepton pairs
for higher masses. The expected width of the recon-
structed mass distribution is dominated by the experi-
mental resolution formH < 350 GeV, and by the natu-
ral width of the Higgs boson for higher masses (30 GeV
at mH = 400 GeV). The typical mass resolutions for
mH = 125 GeV are 1.7 GeV, 1.7 GeV/2.2 GeV and
2.3 GeV for the 4µ, 2e2µ/2µ2e and 4e sub-channels, re-
spectively.

4.2. Background estimation

The expected background yield and composition are
estimated using the MC simulation normalised to the
theoretical cross section forZZ(∗) production and by
methods using control regions from data for theZ + jets
andtt̄ processes. Since the background composition de-
pends on the flavour of the sub-leading lepton pair, dif-
ferent approaches are taken for theℓℓ+µµ and theℓℓ+ee

final states. The transfer factors needed to extrapolate
the background yields from the control regions defined
below to the signal region are obtained from the MC
simulation. The MC description of the selection effi-
ciencies for the different background components has
been verified with data.

The reducibleℓℓ + µµ background is dominated bytt̄
andZ+ jets (mostlyZbb̄) events. A control region is de-
fined by removing the isolation requirement on the lep-
tons 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
removeZZ(∗) contributions, and allow both thett̄ and

Z+ jets backgrounds to be estimated simultaneously us-
ing a fit to them12 distribution. Thett̄ background con-
tribution is cross-checked by selecting a control sample
of events with an opposite chargeeµ pair with an invari-
ant mass between 50 GeV and 106 GeV, accompanied
by an opposite-charge muon pair. Events with aZ can-
didate decaying to a pair of electrons or muons in the
aforementioned mass range are excluded. Isolation and
transverse impact parameter significance requirements
are applied only to the leptons of theeµ pair.

In order to estimate the reducibleℓℓ+ ee background,
a control region is formed by relaxing the selection cri-
teria for the electrons of the sub-leading pair. The differ-
ent sources of electron background are then separated
into categories consisting of non-prompt leptons from
heavy flavour decays, electrons from photon conver-
sions and jets mis-identified as electrons, using appro-
priate discriminating variables [91]. This method allows
the sum of theZ + jets andtt̄ background contributions
to be estimated. As a cross-check, the same method is
also applied to a similar control region containing same-
charge sub-leading electron pairs. An additional cross-
check of theℓℓ+ee background estimation is performed
by using a control region with same-charge sub-leading
electron pairs, where the three highestpT leptons satisfy
all the analysis criteria whereas the selection cuts are re-
laxed for the remaining electrons. All the cross-checks
yield consistent results.

Table 2: Summary of the estimated numbers ofZ + jets andtt̄ back-
ground events, for the

√
s = 7 TeV and

√
s = 8 TeV data in the entire

phase-space of the analysis after the kinematic selectionsdescribed in
the text. The backgrounds are combined for the 2µ2e and 4e channels,
as discussed in the text. The first uncertainty is statistical, while the
second is systematic.

Background Estimated
numbers of events√

s = 7 TeV
√

s = 8 TeV
4µ

Z+jets 0.3± 0.1±0.1 0.5± 0.1±0.2
tt̄ 0.02±0.02±0.01 0.04±0.02±0.02

2e2µ
Z+jets 0.2± 0.1±0.1 0.4± 0.1±0.1

tt̄ 0.02±0.01±0.01 0.04±0.01±0.01
2µ2e

Z+jets,tt̄ 2.6± 0.4±0.4 4.9± 0.8±0.7
4e

Z+jets,tt̄ 3.1± 0.6±0.5 3.9± 0.7±0.8

The data-driven background estimates are sum-
marised in Table 2. The distribution ofm34, for events
selected by the analysis except that the isolation and
transverse impact parameter requirements for the sub-
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leading lepton pair are removed, is presented in Fig. 1.

 [GeV]34m
20 40 60 80 100

E
v
e
n
ts

/5
 G

e
V

0

20

40

60

80

100 Data
(*)

ZZ

tZ+jets,t

H(125 GeV)

Syst.Unc.

ATLAS

­1Ldt = 4.8 fb∫ = 7 TeV: s
­1Ldt = 5.8 fb∫ = 8 TeV: s

4l→(*)
ZZ→H

Figure 1: Invariant mass distribution of the sub-leading lepton pair
(m34) for a sample defined by the presence of aZ 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 requirementsare 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 withmH = 125 GeV in this sample is also shown.

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
identification efficiencies and on the momentum scale
and resolution are determined using samples ofW,
Z and J/ψ decays [84, 85]. The relative uncertainty
on the signal acceptance due to the uncertainty on
the muon reconstruction and identification efficiency is
±0.7% (±0.5%/±0.5%) for the 4µ (2e2µ/2µ2e) chan-
nel for m4ℓ = 600 GeV and increases to±0.9%
(±0.8%/±0.5%) for m4ℓ = 115 GeV. Similarly, the
relative uncertainty on the signal acceptance due to the
uncertainty on the electron reconstruction and identifi-
cation efficiency is±2.6% (±1.7%/±1.8%) for the 4e
(2e2µ/2µ2e) channel form4ℓ = 600 GeV and reaches
±8.0% (±2.3%/±7.6%) for m4ℓ = 115 GeV. The un-
certainty on the electron energy scale results in an un-
certainty of±0.7% (±0.5%/±0.2%) on the mass scale
of the m4ℓ distribution for the 4e (2e2µ/2µ2e) 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 sig-
nal are described in detail in Section 8. For the SM
ZZ(∗) background, which is estimated from MC simula-
tion, the uncertainty on the total yield due to the QCD
scale uncertainty is±5%, while the effect of the PDF
andαs uncertainties is±4% (±8%) for processes initi-
ated by quarks (gluons) [53]. In addition, the depen-
dence of these uncertainties on the four-lepton invariant
mass spectrum has been taken into account as discussed
in Ref. [53]. Though a small excess of events is ob-
served form4l > 160 GeV, the measuredZZ(∗) → 4ℓ
cross section [93] is consistent with the SM theoreti-
cal prediction. The impact of not using the theoretical
constraints on theZZ(∗) yield on the search for a Higgs
boson withmH < 2mZ has been studied in Ref. [87] and
has been found to be negligible . The impact of the in-
terference between a Higgs signal and the non-resonant
gg → ZZ(∗) background is small and becomes negligi-
ble formH < 2mZ [94].
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Figure 2: The distribution of the four-lepton invariant mass, m4ℓ, for
the selected candidates, 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
mH = 125 GeV is also shown.

4.4. Results

The expected distributions ofm4ℓ for the background
and for a Higgs boson signal withmH = 125 GeV are
compared to the data in Fig. 2. The numbers of ob-
served and expected events in a window of±5 GeV
aroundmH = 125 GeV are presented for the combined
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7 TeV and 8 TeV data in Table 3. The distribution of
the m34 versusm12 invariant mass is shown in Fig. 3.
The statistical interpretation of the excess of events near
m4ℓ = 125 GeV in Fig. 2 is presented in Section 9.

Table 3: The numbers of expected signal (mH = 125 GeV) and back-
ground events, together with the numbers of observed eventsin the
data, in a window of size±5 GeV around 125 GeV, for the combined√

s = 7 TeV and
√

s = 8 TeV data.

Signal ZZ(∗) Z + jets,tt̄ Observed
4µ 2.09±0.30 1.12±0.05 0.13±0.04 6

2e2µ/2µ2e 2.29± 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

 [GeV]12m
50 60 70 80 90 100

 [
G

e
V

]
3
4

m

20

30

40

50

60

70

80
=125 GeVHm

<130 GeV)
4l

Bkg (120<m

<130 GeV)
4l

Data (120<m

ATLAS

4l→(*)
ZZ→H

­1Ldt = 4.8 fb∫ = 7 TeV: s
­1Ldt = 5.8 fb∫ = 8 TeV: s

Figure 3: Distribution of them34 versus them12 invariant mass, be-
fore the application of theZ-mass constrained kinematic fit, for the
selected candidates in them4ℓ range 120–130 GeV. The expected
distributions for a SM Higgs withmH = 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→ γγ channel

The search for the SM Higgs boson through the de-
cay H→ γγ is performed in the mass range between
110 GeV and 150 GeV. The dominant background is
SM diphoton production (γγ); contributions also come
from γ+jet and jet+jet production with one or two jets
mis-identified as photons (γ j and j j) 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 forward jets,
originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sen-
sitivity 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 depositions in the electromagnetic
calorimeter. AnET 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 highestET) cluster and to 25 GeV on the sub-
leading (the next-highestET) cluster. In addition, loose
criteria are applied to the shapes of the clusters to match
the expectations for electromagnetic 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 recon-
structed vertex with at least two associated tracks with
pT > 0.4 GeV, as well as two photon candidates. Pho-
ton candidates are reconstructed in the fiducial region
|η| < 2.37, excluding the calorimeter barrel/end-cap
transition region 1.37≤ |η| < 1.52. Photons that convert
to electron-positron pairs in the ID material can have
one or two reconstructed tracks matched to the clusters
in the calorimeter. The photon reconstruction efficiency
is about 97% forET > 30 GeV.

In order to account for energy losses upstream of the
calorimeter and energy leakage outside of the cluster,
MC simulation results are used to calibrate the energies
of the photon candidates; there are separate calibrations
for unconverted and converted candidates. The calibra-
tion is refined by applyingη-dependent correction fac-
tors, which are of the order of±1%, determined from
measuredZ→ e+e− events. The leading (sub-leading)
photon candidate is required to haveET > 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 sim-
ilar 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 cri-
teria more susceptible to pile-up, and tightening others.
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The photon identification efficiencies, averaged overη,
range from 85% to above 95% for theET range under
consideration.

To further suppress the jet background, an isolation
requirement is applied. The isolation transverse en-
ergy is defined as the sum of the transverse energy
of positive-energy topological clusters, as described in
Section 4, within a cone of size∆R = 0.4 around the
photon candidate, excluding the region within 0.125×
0.175 in∆η×∆φ around the photon barycentre. The dis-
tributions of the isolation transverse energy in data and
simulation have been found to be in good agreement us-
ing electrons fromZ→ e+e− events and photons from
Z → ℓ+ℓ−γ events. Remaining small differences 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 us-
ing the photon energies measured in the calorimeter, the
azimuthal angleφ between the photons as determined
from the positions of the photons in the calorimeter, and
the values ofη calculated from the position of the identi-
fied primary vertex and the impact points of the photons
in the calorimeter.

The primary vertex of the hard interaction is identi-
fied by combining the following information in a global
likelihood: the directions of flight of the photons as
determined using the longitudinal segmentation of the
electromagnetic calorimeter (calorimeter pointing), the
parameters of the beam spot, and the

∑

p2
T of the tracks

associated with each reconstructed vertex. In addition,
for the 7 TeV data analysis, the reconstructed conver-
sion vertex is used in the likelihood for converted pho-
tons with tracks containing 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 vertexz

coordinate 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 interaction, which is needed for
the jet selection in the 2-jet category.

With the selection described in Section 5.1, in the
diphoton invariant mass range between 100 GeV and
160 GeV, 23788 and 35251 diphoton candidates are ob-
served in the 7 TeV and 8 TeV data samples, respec-
tively.

Data-driven techniques [98] are used to estimate the
numbers ofγγ, γ j and j j events in the selected sam-

ple. The contribution from the Drell-Yan background
is determined from a sample ofZ→ e+e− decays in data
where either one or both electrons pass the photon selec-
tion. The measured composition of the selected sample
is approximately 74%, 22%, 3% and 1% for theγγ, γ j,
j j and Drell-Yan processes, respectively, demonstrating
the dominance 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 cat-
egories having different mass resolutions and signal-to-
background ratios. An exclusive category of events con-
taining two jets improves the sensitivity to VBF. The
other nine categories are defined by the presence or not
of converted photons,η of the selected photons, andpTt,
the component3 of the diphotonpT that is orthogonal to
the axis defined by the difference between the two pho-
ton momenta [99, 100].

Jets are reconstructed [101] using the anti-kt algo-
rithm [102] with radius parameterR = 0.4. At least
two jets with |η| < 4.5 and pT > 25 GeV are re-
quired in the 2-jet selection. In the analysis of the 8 TeV
data, thepT threshold is raised to 30 GeV for jets with
2.5 < |η| < 4.5. For jets in the ID acceptance (|η| < 2.5),
the fraction of the sum of thepT of tracks, associated
with the jet and matched to the selected primary vertex,
with respect to the sum of thepT 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 asso-
ciated with the primary vertex. Motivated by the VBF
topology, three additional 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 dif-
ference 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 (|η| < 0.75 for both candidates) and
unconverted rest (all other events), events with at least

3pTt =
∣

∣

∣(pγ1
T + p

γ2
T ) × (pγ1

T − p
γ2
T )
∣

∣

∣ /
∣

∣

∣p
γ1
T − p

γ2
T

∣

∣

∣, wherep
γ1
T andp

γ2
T

are the transverse momenta of the two photons.
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Table 4: Number of events in the data (ND) and expected number of
signal events (NS) for mH = 126.5 GeV from theH→ γγ analysis, for
each category in the mass range 100−160 GeV. The mass resolution
FWHM (see text) is also given for the 8 TeVdata. The Higgs boson
production cross section multiplied by the branching ratiointo two
photons (σ×B(H → γγ)) is listed formH = 126.5 GeV. The statistical
uncertainties onNS and FWHM are less than 1 %.

√
s 7 TeV 8 TeV

σ × B(H → γγ) [fb] 39 50 FWHM
Category ND NS ND NS [GeV]
Unconv. central, lowpTt 2054 10.5 2945 14.2 3.4
Unconv. central, highpTt 97 1.5 173 2.5 3.2
Unconv. rest, lowpTt 7129 21.6 12136 30.9 3.7
Unconv. rest, highpTt 444 2.8 785 5.2 3.6
Conv. central, lowpTt 1493 6.7 2015 8.9 3.9
Conv. central, highpTt 77 1.0 113 1.6 3.5
Conv. rest, lowpTt 8313 21.1 11099 26.9 4.5
Conv. rest, highpTt 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

one converted photon are separated intoconverted cen-

tral (|η| < 0.75 for both candidates),converted transi-

tion (at least one photon with 1.3 < |η| < 1.75) and
converted rest (all other events). Except for thecon-

verted transition category, each category is further di-
vided by a cut atpTt= 60 GeV into two categories,low

pTt andhigh pTt. MC studies show that signal events,
particularly those produced via VBF or associated pro-
duction (WH/ZH andtt̄H), have on average largerpTt

than background events. The number of data events in
each category, as well as the sum of all the categories,
which is denotedinclusive, 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 formH = 126.5 GeV. The number of
signal events produced via the ggF process is rescaled
to take into account the expected destructive interfer-
ence between thegg→ γγ continuum background and
ggF [103], leading to a reduction of the production rate
by 2−5% depending onmH and the event category. For
both the 7 TeV and 8 TeV MC samples, the fractions of
ggF, VBF, WH, ZH and tt̄H production are approxi-
mately 88%, 7%, 3%, 2% and 0.5%, respectively, for
mH = 126.5 GeV.

In the simulation, the shower shape distributions
are shifted slightly to improve the agreement with the
data [97], and the photon energy resolution is broad-
ened (by approximately 1% in the barrel calorimeter

and 1.2−2.1% in the end-cap regions) to account for
small differences observed betweenZ→ e+e− data and
MC events. The signal yields expected for the 7 TeV
and 8 TeV data samples are given in Table 4. The over-
all 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 func-
tion [104], describing the core of the distribution with
a width σCB, 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 andσCB 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 thanσCB.

5.5. Background modelling

The background in each category is estimated from
data by fitting the diphoton mass spectrum in the mass
range 100−160 GeV with a selected model with free pa-
rameters of shape and normalisation. Different models
are chosen for the different categories to achieve a good
compromise between limiting the size of a potential bias
while retaining good statistical power. A fourth-order
Bernstein polynomial function [105] is used for theun-

converted rest (low pTt), converted rest (low pTt) andin-

clusive categories, an exponential function of a second-
order polynomial for theunconverted central (low pTt),
converted central (low pTt) andconverted transition cat-
egories, and an exponential function for all others.

Studies to determine the potential bias have been per-
formed using large samples of simulated background
events complemented by data-driven estimates. The
background shapes in the simulation have been cross-
checked using data from control regions. The poten-
tial 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 sig-
nal yield is a free parameter of the fit. The potential bias
is defined by the largest absolute signal yield obtained
from the likelihood fit to the simulated background sam-
ples for hypothesised Higgs boson masses in the range
110−150 GeV. A pre-selection of background parame-
terisations is made by requiring that the potential bias,
as defined above, is less than 20% of the statistical un-
certainty on the fitted signal yield. The pre-selected pa-
rameterisation in each category with the best expected
sensitivity formH = 125 GeV is selected as the back-
ground model.
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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 likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive 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, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons fromZ decays and
photons fromZ → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%,±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 produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised 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 derive the amount of
possible event migration between the converted and un-
converted 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 cate-
gory, and up to±4% for the other categories. Uncertain-
ties from the JVF modelling are±12% (for the 8 TeV
data) for the 2-jet category, estimated fromZ+2-jets
events by comparing data and MC. Different PDFs and
scale variations in theHqT calculations are used to de-
rive 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 un-
certainty on the energy resolution of the calorimeter,
which is determined fromZ→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections 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
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residualsof the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass,mγγ, 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 tomH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.

The statistical analysis of the data employs an un-
binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weightwi for events in categoryi ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1+ S i/Bi),
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whereS i is 90% of the expected signal formH = 126.5
GeV, andBi is the integral, in a window containingS i,
of a background-only fit to the data. The valuesS i/Bi

have only a mild dependence onmH .
The statistical interpretation of the excess of events

nearmγγ = 126.5 GeV in Fig. 4 is presented in Sec-
tion 9.

6. H→WW
(∗)
→ eνµν channel

The signature for this channel is two opposite-charge
leptons with large transverse momentum and a large
momentum imbalance in the event due to the escaping
neutrinos. The dominant backgrounds are non-resonant
WW, tt̄, and Wt production, all of which have real
W pairs in the final state. Other important backgrounds
include Drell-Yan events (pp→Z/γ(∗)→ ℓℓ) with Emiss

T
that may arise from mismeasurement,W+jets events
in which a jet produces an object reconstructed as the
second electron or muon, andWγ events in which the
photon undergoes a conversion. Boson pair produc-
tion (Wγ∗/WZ(∗) andZZ(∗)) can also produce opposite-
charge lepton pairs with additional leptons that are not
detected.

The analysis of the 8 TeV data presented here is fo-
cused on the mass range 110< mH < 200 GeV. It fol-
lows the procedure used for the 7 TeV data, described
in Ref. [106], except that more stringent criteria are ap-
plied to reduce theW+jets background and some selec-
tions 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 missing transverse momentum
resolution. For this reason, and the fact that theeµ 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 TeVH→WW (∗)→ eνµν search, the data
are selected using inclusive single-muon and single-
electron triggers. Both triggers require an isolated lep-
ton with pT > 24 GeV. Quality 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 fol-
lows that described in Section 4. Candidates for the
H→WW (∗)→ eνµν search are pre-selected by requir-
ing exactly two opposite-charge leptons of different
flavours, withpT thresholds of 25 GeV for the leading

lepton and 15 GeV for the sub-leading lepton. Events
are classified into two exclusive lepton channels de-
pending on the flavour of the leading lepton, whereeµ

(µe) refers to events with a leading electron (muon). The
dilepton invariant mass is required to be greater than
10 GeV.

The lepton selection and isolation have more strin-
gent requirements than those used for theH → ZZ(∗) →
4ℓ analysis (see Section 4), to reduce the larger back-
ground from non-prompt leptons in theℓνℓν 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 re-
stricted to those with matching MS and ID tracks [84],
and therefore are reconstructed over|η| < 2.5. The
isolation criteria require the scalar sums of thepT of
charged particles and of calorimeter topological clus-
ters within∆R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12-0.20 times the
lepton pT. The exact value differs between the criteria
for tracks and calorimeter clusters, for both electrons
and muons, and depends on the leptonpT. Jet selec-
tions 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 largeEmiss

T . Emiss
T is

the negative vector sum of the transverse momenta of
the reconstructed objects, including muons, electrons,
photons, jets, and clusters of calorimeter cells not as-
sociated with these objects. The quantityEmiss

T,rel used
in this analysis is required to be greater than 25 GeV
and is defined as:Emiss

T,rel = Emiss
T sin∆φmin, where∆φmin

is min(∆φ, π2), and Emiss
T is the magnitude of the vec-

tor Emiss
T . Here,∆φ is the angle betweenEmiss

T and the
transverse momentum of the nearest lepton or jet with
pT > 25 GeV. Compared toEmiss

T , Emiss
T,rel has increased

rejection power for events in which theEmiss
T is gener-

ated by a neutrino in a jet or the mismeasurement of an
object, since in those events theEmiss

T tends to point in
the direction of the object. After the lepton isolation and
Emiss

T,rel requirements that define the pre-selected sample,
the multijet background is negligible and the Drell-Yan
background is much reduced. The Drell-Yan contribu-
tion becomes very small after the topological selections,
described below, are applied.

The background rate and composition depend signif-
icantly on the jet multiplicity, as does the signal topol-
ogy. Without accompanying jets, the signal originates
almost entirely from the ggF process and the back-
ground is dominated byWW events. In contrast, when
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produced in association with two or more jets, the signal
contains a much larger contribution from the VBF pro-
cess compared to the ggF process, and the background
is dominated bytt production. Therefore, to maximise
the sensitivity to SM Higgs events, further selection cri-
teria depending on the jet multiplicity are applied to the
pre-selected sample. The data are subdivided into 0-jet,
1-jet and 2-jet search channels according to the num-
ber of jets in the final state, with the 2-jet channel also
including higher jet multiplicities.

Owing to spin correlations in theWW (∗) system aris-
ing from the spin-0 nature of the SM Higgs boson and
the V-A structure of theW boson decay vertex, the
charged leptons tend to emerge from the primary ver-
tex pointing in the same direction [107]. This kinematic
feature is exploited for all jet multiplicities by requiring
that |∆φℓℓ| < 1.8, and the dilepton invariant mass,mℓℓ,
be less than 50 GeV for the 0-jet and 1-jet channels. For
the 2-jet channel, themℓℓ upper bound is increased to
80 GeV.

In the 0-jet channel, the magnitudepℓℓT of the trans-
verse momentum of the dilepton system,pℓℓT = pℓ1T +pℓ2T ,
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 pro-
duction are suppressed by rejecting events containing a
b-tagged jet, as determined using ab-tagging algorithm
that uses a neural network and exploits the topology of
weak decays ofb- andc-hadrons [108]. The total trans-
verse momentum,ptot

T , defined as the magnitude of the

vector sumptot
T = pℓ1T + pℓ2T + p

j

T + Emiss
T , is required

to be smaller than 30 GeV to suppress top background
events that have jets withpT below the threshold defined
for jet counting. In order to reject the background from
Z→ ττ, the ττ invariant mass,mττ, is computed under
the assumptions that the reconstructed leptons areτ lep-
ton decay products. In addition the neutrinos produced
in these decays are assumed to be the only source of
Emiss

T and to be collinear with the leptons [109]. Events
with |mττ − mZ | < 25 GeV are rejected if the collinear
approximation yields a physical solution.

The 2-jet selection follows the 1-jet selection de-
scribed above, with theptot

T definition modified to in-
clude all selected jets. Motivated by the VBF topol-
ogy, several additional criteria are applied to the tag
jets, defined as the two highest-pT jets in the event.
These are required to be separated in rapidity by a dis-
tance|∆y j j| > 3.8 and to have an invariant mass,m j j,
larger than 500 GeV. Events with an additional jet with
pT > 20 GeV between the tag jets (y j1 < y < y j2) are
rejected.

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

mT =

√

(Eℓℓ
T + Emiss

T )2 − |pℓℓT + Emiss
T |2,

whereEℓℓ
T =

√

|pℓℓT |2 + m2
ℓℓ

. The statistical analysis of
the data uses a fit to themT distribution in the signal re-
gion after the∆φℓℓ requirement (see Section 6.4), which
results in increased sensitivity compared to the analysis
described in Ref. [111].

For a SM Higgs boson withmH = 125 GeV, the
cross section times branching ratio to theeνµν 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 ratio 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 fig-
ures are based on the number of events selected before
the final mT criterion is applied (as described in Sec-
tion 6.4).

6.2. Background normalisation and control samples

The leading backgrounds from SM processes produc-
ing two isolated high-pT leptons areWW and top (in
this section, “top” background always includes bothtt̄

and single top, unless otherwise noted). These are es-
timated using partially data-driven techniques based on
normalising the MC predictions to the data in control
regions dominated by the relevant background source.
TheW+jets background is estimated from data for all jet
multiplicities. Only the small backgrounds from Drell-
Yan and diboson processes other thanWW, as well as
theWW background for the 2-jet analysis, are estimated
using MC simulation.

The control and validation regions are defined by se-
lections 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” distinguishes these regions
from the control regions that are used to directly nor-
malise the backgrounds. Some control regions have sig-
nificant contributions from backgrounds other than the
targeted one, which introduces dependencies among the
background estimates. These correlations are fully in-
corporated in the fit to themT distribution. In the fol-
lowing sections, each background estimate is described
after any others on which it depends. Hence, the largest
background (WW) is described last.
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6.2.1. W+jets background estimation

TheW+jets background contribution is estimated us-
ing a control sample of events where one of the two lep-
tons satisfies the identification and isolation criteria de-
scribed in Section 6.1, and the other lepton fails these
criteria but satisfies a loosened selection (denoted “anti-
identified”). Otherwise, events in this sample are re-
quired to pass all the signal selections. The dominant
contribution to this sample comes fromW+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 sam-
ple by a transfer factor. The transfer factor is defined
here as the ratio of the number of identified lepton can-
didates passing all selections to the number of anti-
identified leptons. It is calculated as a function of the
anti-identified leptonpT using a data sample dominated
by QCD jet production (dijet sample) after subtracting
the residual contributions from leptons produced by lep-
tonic W and Z decays, as estimated from data. The
small remaining lepton contamination, which includes
Wγ(∗)/WZ(∗) events, is subtracted using MC simulation.

The processes producing the majority of same-charge
dilepton events,W+jets, Wγ(∗)/WZ(∗) andZ(∗)Z(∗), are
all backgrounds in the opposite-charge signal region.
W+jets andWγ(∗) backgrounds are particularly impor-
tant 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 pre-
dicted number of same-charge events after theEmiss

T,rel and
zero-jet requirements is 216± 7 (stat)± 42 (syst), while
182 events are observed in the data. Satisfactory agree-
ment between data and simulation is observed in vari-
ous kinematic distributions, including those of∆φℓℓ (see
Fig. 5(a)) and the transverse mass.

6.2.2. Top control sample

In the 0-jet channel, the top quark background predic-
tion is first normalised using events satisfying the pre-
selection criteria described in Section 6.1. This sample
is selected without jet multiplicity orb-tagging require-
ments, and the majority of events contain top quarks.
Non-top contributions are subtracted using predictions
from simulation, except forW+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 decayt→Wb has a branching ratio of nearly
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Figure 5: Validation and control distributions for the
H→WW(∗)→ eνµν analysis. a)∆φℓℓ distribution in the same-
charge validation region after theEmiss

T,rel and zero-jet requirements. b)
mT distribution in theWW control region for the 0-jet channel. The
eµ andµe final states are combined. The hashed area indicates the
total uncertainty on the background prediction. The expected signal
for mH = 125 GeV is negligible and therefore not visible.

1. Predictions of this fraction from MC simulation are
sensitive to theoretical uncertainties such as the mod-
elling of initial- and final-state radiation, as well as ex-
perimental uncertainties, especially that on the jet en-
ergy scale. To reduce the impact of these uncertainties,
the top quark background determination uses data from
ab-tagged control region in which the one-to-two jet ra-
tio is compared to the MC simulation [112]. The result-
ing correction factor to a purely MC-based background
estimate after all selections amounts to 1.11±0.06 (stat).

In the 1-jet and 2-jet analyses, the top quark back-
ground predictions are normalised to the data using con-
trol samples defined by reversing theb-jet veto and re-
moving the requirements on∆φℓℓ and mℓℓ. The |∆yjj |
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and mjj requirements are included in the definition of
the 2-jet control region. The resulting samples are domi-
nated by top quark events. The small contributions from
other sources are taken into account using MC simula-
tion and the data-drivenW+jets estimate. Good agree-
ment between data and MC simulation is observed for
the total numbers of events and the shapes of themT

distributions. The resulting normalisation factors are
1.11± 0.05 for the 1-jet control region and 1.01± 0.26
for the 2-jet control region. Only the statistical uncer-
tainties are quoted.

6.2.3. WW control sample

The MC predictions of theWW 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
∆φℓℓ requirement is removed and the upper bound on
mℓℓ is replaced with a lower bound:mℓℓ > 80 GeV. The
numbers of events and the shape of themT 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 0-jet control
region and about 45% in the 1-jet region. Contamina-
tions from sources other thanWW are derived as for the
signal region, including the data-drivenW+jets and top
estimates. The resulting normalisation factors with their
associated statistical uncertainties are 1.06±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 im-
pact on the sensitivity of the search are the theoretical
uncertainties associated with the signal. These are de-
scribed in Section 9. The main experimental uncertain-
ties are associated with the JES, the jet energy resolu-
tion (JER), pile-up,Emiss

T , theb-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 Wγ(∗) normalisation. The 2-jet systematic uncer-
tainties are dominated by the statistical uncertainties in
the data and the MC simulation, and are therefore not
discussed further.

Variations of the jet energy scale within the system-
atic uncertainties can cause events to migrate between
the jet bins. The uncertainty on the JES varies from
±2% to±9% as a function of jetpT andη for jets with
pT > 25 GeV and|η| < 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 un-
certainty on the JER is estimated fromin situ measure-
ments and it impacts mostly the 1-jet channel, where
its effect on the total signal and background 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 colli-
sions 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 sig-
nal and background yields is 4% and 2%, respectively.
JES and lepton momentum scale uncertainties are prop-
agated to theEmiss

T measurement. Additional contri-
butions to theEmiss

T uncertainties arise from jets with
pT < 20 GeV and from low-energy calorimeter deposits
not associated with reconstructed physics objects [113].
The impact of theEmiss

T uncertainty on the total signal
and background yields is∼3%. The efficiency of theb-
tagging algorithm is calibrated using samples contain-
ing muons reconstructed in the vicinity of jets [114].
The uncertainty on theb-jet tagging efficiency varies be-
tween±5% and±18% as a function of the jetpT, and
its impact on the total background yield is 10% for the
1-jet channel. The uncertainty in theW+jets transfer
factor is dominated by differences in jet properties be-
tween dijet andW+jets events as observed in MC sim-
ulations. 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 ofmT is performed in or-
der to obtain the signal yield for each mass hypoth-
esis (see Section 6.4). Most theoretical and experi-
mental uncertainties do not produce statistically signif-
icant changes to themT distribution. The uncertainties
that do produce significant changes of the distribution
of mT have no appreciable effect on the final results,
with the exception of those associated with theWW

background. In this case, an uncertainty is included to
take into account differences in the distribution ofmT

and normalisation observed between the MCFM [115],
MC@NLO+HERWIG and POWHEG+PYTHIA gen-
erators. The potential impact of interference between
resonant (Higgs-mediated) and non-resonantgg→WW

diagrams [116] formT > mH was investigated and found
to be negligible. The effect of theWW normalisation,
modelling, and shape systematics on the total back-
ground yield is 9% for the 0-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 normalisations of the individual backgrounds. The
main uncertainties on the top background in the 0-jet

14



analysis include those associated with interference ef-
fects betweentt̄ and single top, initial state an final state
radiation,b-tagging, and JER. The impact on the total
background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the to-
tal yield is 14%. Theoretical uncertainties on theWγ

background normalisation are evaluated for each jet bin
using the procedure described in Ref. [117]. They are
±11% for the 0-jet bin and±50% for the 1-jet bin. For
Wγ∗ with mℓℓ < 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
Wγ∗/WZ(∗) with mℓℓ > 7 GeV is 1.5± 0.5. These un-
certainties affect mostly the 1-jet channel, where their
impact on the total background yield is approximately
4%.

Table 5: The expected numbers of signal (mH = 125 GeV) and back-
ground events after all selections, including a cut on the transverse
mass of 0.75mH < mT < mH for mH = 125 GeV. The observed
numbers of events in data are also displayed. Theeµ andµe chan-
nels 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 5±2 0.34±0.07
WW 101±13 12±5 0.10±0.14
WZ(∗)/ZZ/Wγ(∗) 12±3 1.9±1.1 0.10±0.10
tt̄ 8±2 6±2 0.15±0.10
tW/tb/tqb 3.4±1.5 3.7±1.6 -
Z/γ∗ + jets 1.9±1.3 0.10±0.10 -
W + jets 15±7 2±1 -
Total Background 142±16 26±6 0.35±0.18
Observed 185 38 0

6.4. Results

Table 5 shows the numbers of events expected from
a SM Higgs boson withmH = 125 GeV and from the
backgrounds, as well as the numbers of candidates ob-
served in data, after application of all selection criteria
plus an additional cut onmT of 0.75mH < mT < mH .
The uncertainties shown in Table 5 include the system-
atic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Sec-
tion 6.2. An excess of events relative to the background
expectation is observed in the data.

Figure 6 shows the distribution of the transverse mass
after all selection criteria in the 0-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 Pois-
son probability terms for theeµ channel and theµe
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Figure 6: Distribution of the transverse mass,mT, in the 0-jet and
1-jet analyses with botheµ andµe channels combined, for events sat-
isfying all selection criteria. The expected signal formH = 125 GeV is
shown stacked on top of the background prediction. TheW+jets back-
ground is estimated from data, andWW and top background MC pre-
dictions are normalised to the data using control regions. The hashed
area indicates the total uncertainty on the background prediction.

channel. The mass-dependent cuts onmT described
above are not used. Instead, the 0-jet (1-jet) signal re-
gions are subdivided into five (three)mT bins. For the
2-jet signal region, only the results integrated overmT

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 Section 9.

7. Statistical procedure

The statistical procedure used to interpret the data is
described in Refs. [17, 118–121]. The parameter of in-
terest is the global signal strength factorµ, which acts
as a scale factor on the total number of events pre-
dicted by the Standard Model for the Higgs boson sig-
nal. This factor is defined such thatµ = 0 corresponds
to the background-only hypothesis andµ = 1 corre-
sponds to the SM Higgs boson signal in addition to the
background. Hypothesised values ofµ are tested with a
statisticλ(µ) based on the profile likelihood ratio [122].
This test statistic extracts the information on the signal
strength from a full likelihood fit to the data. The likeli-
hood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on theCLs prescrip-
tion [123]; a value ofµ is regarded as excluded at
95% CL whenCLs is less than 5%. A SM Higgs bo-
son with massmH is considered excluded at 95% confi-
dence level (CL) whenµ = 1 is excluded at that mass.
The significance of an excess in the data is first quan-
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tified with the localp0, the probability that the back-
ground can produce a fluctuation greater than or equal
to the excess observed in data. The equivalent formu-
lation in terms of number of standard deviations,Zl, is
referred to as the local significance. The global prob-
ability 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 massmH . The asymp-
totic approximation [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 combi-
nation of all search channels, are based on the global
signal strength factorµ and on the identification of
the nuisance parameters that correspond to the cor-
related sources of systematic uncertainty described in
Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combi-
nation are summarised in Table 6.

The main uncorrelated systematic uncertainties
are described in Sections 4–6 for theH→ ZZ(∗)→ 4ℓ,
H→ γγ and H→WW (∗)→ ℓνℓν 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 uncertainties affecting the background
processes.

The main sources of correlated systematic uncertain-
ties are the following.

1. Integrated luminosity: The uncertainty on the
integrated luminosity is considered as fully correlated
among channels and amounts to±3.9% for the 7 TeV
data [132, 133], except for theH→ZZ(∗)→ 4ℓ and
H→ γγ channels which were re-analysed; the uncer-
tainty 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 correlated for electrons and photons.

3. Electron and photon energy scales: The elec-
tron and photon energy scales in theH→ ZZ(∗)→ 4ℓ
andH→ γγ channels are described by five parameters,
which provide a detailed account of the sources of sys-
tematic uncertainty. They are related to the calibration
method, the presampler energy scale in the barrel and
end-cap calorimeters, and the material description up-
stream 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 using different muon identifica-
tion criteria and different ranges of muonpT.

5. Jet energy scale and missing transverse energy:

The jet energy scale and jet energy resolution are af-
fected by uncertainties which depend on thepT, η, and
flavour of the jet. A simplified scheme is used in which
independent JES and JER nuisance parameters are asso-
ciated with final states with significantly different kine-
matic selections and sensitivity to scattering processes
with different kinematic distributions or flavour com-
position. This scheme includes a specific treatment
for b-jets. The sensitivity of the results to various as-
sumptions about the correlation between these sources
of uncertainty has been found to be negligible. An un-
correlated component of the uncertainty onEmiss

T is in-
cluded, in addition to the JES uncertainty, which is due
to low energy jet activity not associated with recon-
structed physics objects.

6. Theory uncertainties: Correlated theoretical un-
certainties affect mostly the signal predictions. The
QCD scale uncertainties formH=125 GeV amount to
+7%
−8% for the ggF process,±1% for the VBF andWH/ZH

processes, and+4%
−9% for the tt̄H process [52, 53]; the

small dependence of these uncertainties onmH is taken
into account. The uncertainties on the predicted branch-
ing ratios amount to±5%. The uncertainties related to
the parton distribution functions amount to±8% for the
predominantly gluon-initiated ggF andtt̄H processes,
and ±4% for the predominantly quark-initiated VBF
andWH/ZH processes [78, 134–136]. The theoretical
uncertainty associated with the exclusive Higgs boson
production process with additional jets in theH→ γγ,
H→WW (∗)→ ℓνℓν andH → τ+τ− 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%×(mH/TeV)3 (e.g.±4% for mH = 300 GeV) ac-
counts for effects related to off-shell Higgs boson pro-
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Table 6: Summary of the individual channels entering the combination. The transition points between separately optimisedmH regions are indicated
where applicable. In channels sensitive to associated production of the Higgs boson,V indicates aW or Z boson. The symbols⊗ and⊕ represent
direct products and sums over sets of selection requirements, respectively.

Higgs Boson Subsequent
Sub-Channels

mH Range
∫

L dt
Ref.

Decay Decay [GeV] [fb−1]

2011
√

s =7 TeV

H → ZZ(∗)
4ℓ {4e, 2e2µ, 2µ2e, 4µ} 110–600 4.8 [87]
ℓℓνν̄ {ee, µµ} ⊗ {low, high pile-up} 200–280–600 4.7 [125]
ℓℓqq̄ {b-tagged, untagged} 200–300–600 4.7 [126]

H → γγ – 10 categories{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 110–150 4.8 [127]

H → WW(∗) ℓνℓν {ee, eµ/µe, µµ} ⊗ {0-jet, 1-jet, 2-jet} ⊗ {low, high pile-up} 110–200–300–600 4.7 [106]
ℓνqq′ {e, µ} ⊗ {0-jet, 1-jet, 2-jet} 300–600 4.7 [128]

H → ττ

τlepτlep {eµ} ⊗ {0-jet} ⊕ {ℓℓ} ⊗ {1-jet, 2-jet,VH} 110–150 4.7

τlepτhad
{e, µ} ⊗ {0-jet} ⊗ {Emiss

T < 20 GeV, Emiss
T ≥ 20 GeV}

110–150 4.7
[129]

⊕ {e, µ} ⊗ {1-jet} ⊕ {ℓ} ⊗ {2-jet}
τhadτhad {1-jet} 110–150 4.7

VH → Vbb

Z → νν Emiss
T ∈ {120− 160, 160− 200,≥ 200 GeV} 110–130 4.6

W → ℓν pW
T ∈ {< 50, 50− 100, 100− 200,≥ 200 GeV} 110–130 4.7 [130]

Z → ℓℓ pZ
T ∈ {< 50, 50− 100, 100− 200,≥ 200 GeV} 110–130 4.7

2012
√

s =8 TeV

H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ} 110–600 5.8 [87]
H → γγ – 10 categories{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 110–150 5.9 [127]

H → WW(∗) eνµν {eµ, µe} ⊗ {0-jet, 1-jet, 2-jet} 110–200 5.8 [131]

Table 7: Characterisation of the excess in theH → ZZ(∗) → 4ℓ, H→ γγ and H→WW(∗)→ ℓνℓν channels and the combination of all channels
listed in Table 6. The mass valuemmax for which the local significance is maximum, the maximum observed local significanceZl and the expected
local significanceE(Zl) in the presence of a SM Higgs boson signal atmmax are given. The best fit value of the signal strength parameterµ̂ at
mH = 126 GeV is shown with the total uncertainty. The expected andobserved mass ranges excluded at 95% CL (99% CL, indicated bya *) are
also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ] E(Zl) [σ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → ZZ(∗) → 4ℓ
7 TeV 125.0 2.5 1.6 1.4± 1.1
8 TeV 125.5 2.6 2.1 1.1± 0.8

7 & 8 TeV 125.0 3.6 2.7 1.2± 0.6 124–164, 176–500 131–162, 170–460

H→ γγ

7 TeV 126.0 3.4 1.6 2.2± 0.7
8 TeV 127.0 3.2 1.9 1.5± 0.6

7 & 8 TeV 126.5 4.5 2.5 1.8± 0.5 110–140 112–123, 132–143

H→WW (∗)→ ℓνℓν

7 TeV 135.0 1.1 3.4 0.5± 0.6
8 TeV 120.0 3.3 1.0 1.9± 0.7

7 & 8 TeV 125.0 2.8 2.3 1.3± 0.5 124–233 137–261

Combined

7 TeV 126.5 3.6 3.2 1.2± 0.4
8 TeV 126.5 4.9 3.8 1.5± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4± 0.3
110–582 111–122, 131–559

113–532 (*) 113–114, 117–121, 132–527 (*)

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 theH→ ZZ(∗)→ 4ℓ,
H→ γγ andH→WW (∗)→ eνµν channels, as well as the
improvements 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 region with respect to the
previous combined search [17].

9.1. Excluded mass regions

The combined 95% CL exclusion limits on the pro-
duction of the SM Higgs boson, expressed in terms of
the signal strength parameterµ, are shown in Fig. 7(a)
as a function ofmH . The expected 95% CL exclu-
sion region covers themH range from 110 GeV to
582 GeV. The observed 95% CL exclusion regions are
111–122GeV and 131–559GeV. Three mass regions
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limits on the signal strength as a function ofmH and the expec-
tation (dashed) under the background-only hypothesis. Thedark
and light shaded bands show the±1σ and±2σ uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength ˆµ as a function ofmH . The band indicates the approximate
68% CL interval around the fitted value.

are excluded at 99% CL, 113–114, 117–121 and 132–
527 GeV, while the expected exclusion range at 99% CL
is 113–532GeV.

9.2. Observation of an excess of events

An excess of events is observed nearmH=126 GeV in
theH→ ZZ(∗)→ 4ℓ andH→ γγ channels, both of which
provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolutionH→WW (∗)→ ℓνℓν channel, as
shown in Fig. 8(c).

The observed localp0 values from the combination
of channels, using the asymptotic approximation, are
shown as a function ofmH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.
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Figure 8: The observed localp0 as a function of the hypothesised
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H→WW(∗)→ ℓνℓν channels. The dashed curves show the expected
local p0 under the hypothesis of a SM Higgs boson signal at that mass.
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√
s = 7 TeV data (dark, blue), the√

s = 8 TeV data (light, red), and their combination (black).

The largest local significance for the combination of
the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis ofmH=126.5 GeV, where it reaches
6.0σ, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9σ (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for theH→ ZZ(∗)→4ℓ, H→ γγ and
H→WW (∗)→ eνµν channels combined is 4.9σ, and oc-
curs atmH = 126.5GeV (3.8σ expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
effect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9σ.

The global significance of a local 5.9σ excess any-
where in the mass range 110–600GeV is estimated to
be approximately 5.1σ, increasing to 5.3σ in the range
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110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess

The mass of the observed new particle is esti-
mated using the profile likelihood ratioλ(mH) for
H→ZZ(∗)→ 4ℓ andH→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesisµ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength ˆµ is shown in Fig. 7(c) as
a function ofmH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesisµ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis 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 consis-
tent with the data, the profile likelihood ratioλ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point ( ˆµ, m̂H), while

)µSignal strength (

    
   ­1     0     1

    

Combined

 4l→ (*)
 ZZ→H 

γγ →H 

νlν l→ (*)
 WW→H 

ττ →H 

 bb→W,Z H 

­1
Ldt = 4.6 ­ 4.8 fb∫ = 7 TeV:  s

­1
Ldt = 5.8 ­ 5.9 fb∫ = 8 TeV:  s

­1
Ldt = 4.8 fb∫ = 7 TeV:  s

­1
Ldt = 5.8 fb∫ = 8 TeV:  s

­1
Ldt = 4.8 fb∫ = 7 TeV:  s

­1
Ldt = 5.9 fb∫ = 8 TeV:  s

­1
Ldt = 4.7 fb∫ = 7 TeV:  s

­1
Ldt = 5.8 fb∫ = 8 TeV:  s

­1
Ldt = 4.7 fb∫ = 7 TeV:  s

­1
Ldt = 4.6­4.7 fb∫ = 7 TeV:  s

 = 126.0 GeVHm

 0.3± = 1.4 µ

ATLAS 2011 ­ 2012

Figure 10: Measurements of the signal strength parameterµ for
mH=126 GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits onµ for all values ofmH .

Asymptotically, the test statistic−2 lnλ(µ,mH) is dis-
tributed as aχ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ ℓνℓν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for theH→ ZZ(∗)→ 4ℓ channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in theH→ ZZ(∗)→ 4ℓ
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.

The contributions from the different production
modes in theH→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameterµi is introduced
for each production mode, defined byµi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratioλ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multipleµi to be related in some way.
Here,µggF andµtt̄H have been grouped together as they
scale with thett̄H coupling in the SM, and are denoted
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by the common parameterµggF+tt̄H . Similarly,µVBF and
µVH have been grouped together as they scale with the
WWH/ZZH coupling in the SM, and are denoted by the
common parameterµVBF+VH . Since the distribution of
signal events among the 10 categories of theH→ γγ

search is sensitive to these factors, constraints in the
plane ofµggF+tt̄H ×B/BSM andµVBF+VH ×B/BSM, where
B is the branching ratio forH→ γγ, can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in theH→ ZZ(∗)→ 4ℓ, H→ γγ and
H→WW (∗)→ eνµν channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb−1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for theH→ ZZ(∗)→ 4ℓ
andH→ γγ 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 111–559GeV, except for
the narrow region 122–131GeV. In this region, an ex-
cess of events with significance 5.9σ, corresponding
to p0 = 1.7 × 10−9, is observed. The excess is driven
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Figure 12: Likelihood contours for theH→ γγ channel in the
(µggF+tt̄H , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantityµggF+tt̄H (µVBF+VH) is a common scale factor
for the ggF andtt̄H (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (×).

by the two channels with the highest mass resolution,
H→ ZZ(∗)→ 4ℓ and H→ γγ, and the equally sensitive
but low-resolutionH→WW (∗)→ ℓνℓν channel. Taking
into account the entire mass range of the search, 110–
600 GeV, the global significance of the excess is 5.1σ,
which corresponds top0 = 1.7× 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 signal
strength parameterµ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesisµ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [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.

Acknowledgements

The results reported in this Letter would not have
been possible without the outstanding performance of
the LHC. We warmly thank CERN and the entire LHC
exploitation team, including the operation, technical
and infrastructure groups, and all the people who have
contributed to the conception, design and construction
of this superb accelerator. We thank also the support
staff at our institutions without whose excellent contri-

20



butions ATLAS could not have been successfully con-
structed or operated so efficiently.

We acknowledge the support of ANPCyT, Ar-
gentina; YerPhI, Armenia; ARC, Australia; BMWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq
and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; CONICYT, Chile; CAS, MOST and NSFC,
China; COLCIENCIAS, Colombia; MSMT CR, MPO
CR and VSC CR, Czech Republic; DNRF, DNSRC and
Lundbeck Foundation, Denmark; EPLANET and ERC,
European Union; IN2P3-CNRS, CEA-DSM/IRFU,
France; GNAS, Georgia; BMBF, DFG, HGF, MPG
and AvH Foundation, Germany; GSRT, Greece; ISF,
MINERVA, GIF, DIP and Benoziyo Center, Israel;
INFN, Italy; MEXT and JSPS, Japan; CNRST, Mo-
rocco; FOM and NWO, Netherlands; RCN, Norway;
MNiSW, Poland; GRICES and FCT, Portugal; MERYS
(MECTS), Romania; MES of Russia and ROSATOM,
Russian Federation; JINR; MSTD, Serbia; MSSR, Slo-
vakia; ARRS and MVZT, Slovenia; DST/NRF, South
Africa; MICINN, Spain; SRC and Wallenberg Foun-
dation, Sweden; SER, SNSF and Cantons of Bern and
Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
STFC, the Royal Society and Leverhulme Trust, United
Kingdom; DOE and NSF, United States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.

References

[1] S. L. Glashow,Partial-symmetries of weak interactions,
Nucl. Phys.22 no. 4, (1961) 579.

[2] S. Weinberg,A Model of Leptons,
Phys. Rev. Lett.19 (1967) 1264.

[3] A. Salam,“Weak and electromagnetic interactions”, in
Elementary particle theory: relativistic groups and

analyticity, N. Svartholm, ed., p. 367. Almqvist & Wiksell,
1968. Proceedings of the eighth Nobel symposium.

[4] G. ’t Hooft and M. Veltman,Regularization and

Renormalization of Gauge Fields,
Nucl. Phys.B44 (1972) 189.

[5] F. Englert and R. Brout,Broken symmetry and the mass of

gauge vector mesons, Phys. Rev. Lett.13 (1964) 321.
[6] P. W. Higgs,Broken symmetries, massless particles and gauge

fields, Phys. Lett.12 (1964) 132.
[7] P. W. Higgs,Broken symmetries and the masses of gauge

bosons, Phys. Rev. Lett.13 (1964) 508.
[8] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble,Global

conservation laws and massless particles,
Phys. Rev. Lett.13 (1964) 585.

[9] P. W. Higgs,Spontaneous symmetry breakdown without

massless bosons, Phys. Rev.145 (1966) 1156.
[10] T. W. B. Kibble,Symmetry breaking in non-Abelian gauge

theories, Phys. Rev.155 (1967) 1554.
[11] L. Evans and P. Bryant (Eds.),LHC Machine,

JINST3 (2008) S08001.
[12] ALEPH, CDF, DØ, DELPHI, L3, OPAL, SLD Collaborations,

the LEP Electroweak Working Group, the Tevatron
Electroweak Working Group, and the SLD electroweak and
heavy flavour groups,Precision Electroweak Measurements

and Constraints on the Standard Model,
CERN-PH-EP-2010-095 (2010),
arXiv:1012.2367 [hep-ex].

[13] ALEPH, DELPHI, L3 and OPAL Collaborations, The LEP
Working Group for Higgs boson searches,Search for the

standard model Higgs boson at LEP,
Phys. Lett.B 565 (2003) 61.

[14] CDF Collaboration, T. Aaltonen et al.,Combined search for

the standard model Higgs boson decaying to a bb̄ pair using

the full CDF data set, accepted by Phys. Rev. Lett. (2012),
arXiv:1207.1707 [hep-ex].

[15] DØ Collaboration, V. M. Abazov et al.,Combined search for

the standard model Higgs boson decaying to bb̄ using the DØ

Run II data set, submitted to Phys. Rev. Lett. (2012),
arXiv:1207.6631 [hep-ex].

[16] CDF Collaboration, DØ Collaboration,Evidence for a

particle produced in association with weak bosons and

decaying to a bottom-antibottom quark pair in Higgs boson

searches at the Tevatron, submitted to Phys. Rev. Lett. (2012),
arXiv:1207.6436 [hep-ex].

[17] ATLAS Collaboration,Combined search for the Standard

Model Higgs boson in pp collisions at
√

s=7 TeV with the

ATLAS detector, Phys. Rev.D86 (2012) 032003.
[18] CMS Collaboration,Combined results of searches for the

standard model Higgs boson in pp collisions at
√

s = 7 TeV,
Phys. Lett.B 710 (2012) 26.

[19] ATLAS Collaboration,ATLAS: letter of intent for a

general-purpose pp experiment at the large hadron collider at

CERN, CERN-LHCC-92-004 (1992).
[20] ATLAS Collaboration,ATLAS Technical Proposal for a

General-Purpose pp Experiment at the Large Hadron Collider

at CERN, CERN-LHCC-94-43 (1994).
[21] ATLAS Collaboration,The ATLAS Experiment at the CERN

Large Hadron Collider, JINST3 (2008) S08003.
[22] H. M. Georgi, S. L. Glashow, M. E. Machacek, and

D. V. Nanopoulos,Higgs bosons from two gluon-annihilation

in proton-proton collisions, Phys. Rev. Lett.40 (1978) 692.
[23] A. Djouadi, M. Spira, and P. M. Zerwas,Production of Higgs

bosons in proton colliders: QCD corrections,
Phys. Lett.B 264 (1991) 440.

[24] S. Dawson,Radiative corrections to Higgs boson production,
Nucl. Phys.B359 (1991) 283.

[25] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas,Higgs

boson production at the LHC, Nucl. Phys.B453 (1995) 17.
[26] R. V. Harlander and W. B. Kilgore,Next-to-next-to-leading

order Higgs production at hadron colliders,
Phys. Rev. Lett.88 (2002) 201801.

[27] C. Anastasiou and K. Melnikov,Higgs boson production at

hadron colliders in NNLO QCD,
Nucl. Phys.B646 (2002) 220.

[28] V. Ravindran, J. Smith, and W. L. van Neerven,NNLO

corrections to the total cross section for Higgs boson

production in hadron-hadron collisions,
Nucl. Phys.B665 (2003) 325.

[29] U. Aglietti, R. Bonciani, G. Degrassi, and A. Vicini,Two-loop

21

http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRev.145.1156
http://dx.doi.org/10.1103/PhysRev.155.1554
http://dx.doi.org/10.1088/1748-0221/3/08/S08001
http://arxiv.org/abs/1012.2367
http://arxiv.org/abs/1012.2367
http://dx.doi.org/10.1016/S0370-2693(03)00614-2
http://arxiv.org/abs/1207.1707
http://arxiv.org/abs/1207.1707
http://arxiv.org/abs/1207.6631
http://arxiv.org/abs/1207.6631
http://arxiv.org/abs/1207.6436
http://arxiv.org/abs/1207.6436
http://dx.doi.org/10.1103/PhysRevD.86.032003
http://dx.doi.org/10.1016/j.physletb.2012.02.064
http://cdsweb.cern.ch/record/291061
http://atlas.web.cern.ch/Atlas/TP/tp.html
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1103/PhysRevLett.40.692
http://dx.doi.org/10.1016/0370-2693(91)90375-Z
http://dx.doi.org/10.1016/0550-3213(91)90061-2
http://dx.doi.org/10.1016/0550-3213(95)00379-7
http://dx.doi.org/10.1103/PhysRevLett.88.201801
http://dx.doi.org/10.1016/S0550-3213(02)00837-4
http://dx.doi.org/10.1016/S0550-3213(03)00457-7


light fermion contribution to Higgs production and decays,
Phys. Lett.B 595 (2004) 432.

[30] S. Actis, G. Passarino, C. Sturm, and S. Uccirati,NLO

electroweak corrections to Higgs boson production at hadron

colliders, Phys. Lett.B 670 (2008) 12.
[31] S. Catani, D. de Florian, M. Grazzini, and P. Nason,

Soft-gluon resummation for Higgs boson production at hadron

colliders, JHEP0307 (2003) 028.
[32] C. Anastasiou, R. Boughezal, and F. Petriello,Mixed

QCD-electroweak corrections to Higgs boson production in

gluon fusion, JHEP0904 (2009) 003.
[33] D. de Florian and M. Grazzini,Higgs production at the LHC:

updated cross sections at
√

s = 8 TeV,
arXiv:1206.4133 [hep-ph].

[34] C. Anastasiou, S. Buehler, F. Herzog, and A. Lazopoulos,
Inclusive Higgs boson cross-section for the LHC at 8 TeV,
JHEP1204 (2012) 004.

[35] J. Baglio and A. Djouadi,Higgs production at the lHC,
JHEP1103 (2011) 055.

[36] D. de Florian, G. Ferrera, M. Grazzini, and D. Tommasini,
Transverse-momentum resummation: Higgs boson production

at the Tevatron and the LHC, JHEP1111 (2011) 064.
[37] E. Bagnaschi, G. Degrassi and A. Vicini,Higgs production via

gluon fusion in the POWHEG approach in the SM and in the

MSSM, JHEP1202 (2012) 88.
[38] R. N. Cahn and S. Dawson,Production of very massive Higgs

bosons,
Phys. Lett.B 136 (1984) 196, Erratum–ibid.B 138 (1984) 464.

[39] M. Ciccolini, A. Denner, and S. Dittmaier,Strong and

electroweak corrections to the production of Higgs + 2 jets via

weak interactions at the Large Hadron Collider,
Phys. Rev. Lett.99 (2007) 161803.

[40] M. Ciccolini, A. Denner, and S. Dittmaier,Electroweak and

QCD corrections to Higgs production via vector-boson fusion

at the Large Hadron Collider, Phys. Rev.D77 (2008) 013002.
[41] K. Arnold et al.,VBFNLO: A parton level Monte Carlo for

processes with electroweak bosons,
Comput. Phys. Commun.180 (2009) 1661.

[42] P. Bolzoni, F. Maltoni, S.-O. Moch, and M. Zaro,Higgs boson

production via vector-boson fusion at next-to-next-to-leading

order in QCD, Phys. Rev. Lett.105 (2010) 011801.
[43] S. L. Glashow, D. V. Nanopoulos, and A. Yildiz,Associated

production of Higgs bosons and Z particles,
Phys. Rev.D18 (1978) 1724.

[44] T. Han and S. Willenbrock,QCD correction to the pp→ WH

and ZH total cross sections, Phys. Lett.B 273 (1991) 167.
[45] O. Brein, A. Djouadi, and R. Harlander,NNLO QCD

corrections to the Higgs-strahlung processes at hadron

colliders, Phys. Lett.B 579 (2004) 149.
[46] M. L. Ciccolini, S. Dittmaier, and M. Krämer,Electroweak
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U. Kruchonak64, H. Krüger21, T. Kruker17, N. Krumnack63, Z.V. Krumshteyn64, A. Kruse173, T. Kubota86,
S. Kuday4a, S. Kuehn48, A. Kugel58c, T. Kuhl42, D. Kuhn61, V. Kukhtin64, Y. Kulchitsky90, S. Kuleshov32b,
C. Kummer98, M. Kuna78, J. Kunkle120, A. Kupco125, H. Kurashige66, M. Kurata160, Y.A. Kurochkin90, V. Kus125,
E.S. Kuwertz147, M. Kuze157, J. Kvita142, R. Kwee16, A. La Rosa49, L. La Rotonda37a,37b, L. Labarga80, J. Labbe5,
S. Lablak135a, C. Lacasta167, F. Lacava132a,132b, J. Lacey29, H. Lacker16, D. Lacour78, V.R. Lacuesta167, E. Ladygin64,
R. Lafaye5, B. Laforge78, T. Lagouri176, S. Lai48, E. Laisne55, M. Lamanna30, L. Lambourne77, C.L. Lampen7,
W. Lampl7, E. Lancon136, U. Landgraf48, M.P.J. Landon75, V.S. Lang58a, C. Lange42, A.J. Lankford163, F. Lanni25,

28



K. Lantzsch175, S. Laplace78, C. Lapoire21, J.F. Laporte136, T. Lari89a, A. Larner118, M. Lassnig30, P. Laurelli47,
V. Lavorini37a,37b, W. Lavrijsen15, P. Laycock73, T. Lazovich57, O. Le Dortz78, E. Le Guirriec83, E. Le Menedeu12,
T. LeCompte6, F. Ledroit-Guillon55, H. Lee105, J.S.H. Lee116, S.C. Lee151, L. Lee176, M. Lefebvre169,
M. Legendre136, F. Legger98, C. Leggett15, M. Lehmacher21, G. Lehmann Miotto30, X. Lei7, M.A.L. Leite24d,
R. Leitner126, D. Lellouch172, B. Lemmer54, V. Lendermann58a, K.J.C. Leney145b, T. Lenz105, G. Lenzen175,
B. Lenzi30, K. Leonhardt44, S. Leontsinis10, F. Lepold58a, C. Leroy93, J-R. Lessard169, C.G. Lester28, C.M. Lester120,
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J. Mamuzic13b, A. Manabe65, L. Mandelli89a, I. Mandić74, R. Mandrysch16, J. Maneira124a, A. Manfredini99,
P.S. Mangeard88, L. Manhaes de Andrade Filho24b, J.A. Manjarres Ramos136, A. Mann54, P.M. Manning137,
A. Manousakis-Katsikakis9, B. Mansoulie136, A. Mapelli30, L. Mapelli30, L. March167, J.F. Marchand29,
F. Marchese133a,133b, G. Marchiori78, M. Marcisovsky125, C.P. Marino169, F. Marroquim24a, Z. Marshall30,
F.K. Martens158, L.F. Marti17, S. Marti-Garcia167, B. Martin30, B. Martin88, J.P. Martin93, T.A. Martin18,
V.J. Martin46, B. Martin dit Latour49, S. Martin-Haugh149, M. Martinez12, V. Martinez Outschoorn57,
A.C. Martyniuk169, M. Marx82, F. Marzano132a, A. Marzin111, L. Masetti81, T. Mashimo155, R. Mashinistov94,
J. Masik82, A.L. Maslennikov107, I. Massa20a,20b, G. Massaro105, N. Massol5, P. Mastrandrea148,
A. Mastroberardino37a,37b, T. Masubuchi155, P. Matricon115, H. Matsunaga155, T. Matsushita66, C. Mattravers118,c,
J. Maurer83, S.J. Maxfield73, A. Mayne139, R. Mazini151, M. Mazur21, L. Mazzaferro133a,133b, M. Mazzanti89a,
J. Mc Donald85, S.P. Mc Kee87, A. McCarn165, R.L. McCarthy148, T.G. McCarthy29, N.A. McCubbin129,
K.W. McFarlane56,∗, J.A. Mcfayden139, G. Mchedlidze51b, T. Mclaughlan18, S.J. McMahon129, R.A. McPherson169,k,
A. Meade84, J. Mechnich105, M. Mechtel175, M. Medinnis42, R. Meera-Lebbai111, T. Meguro116, R. Mehdiyev93,
S. Mehlhase36, A. Mehta73, K. Meier58a, B. Meirose79, C. Melachrinos31, B.R. Mellado Garcia173, F. Meloni89a,89b,
L. Mendoza Navas162, Z. Meng151,x, A. Mengarelli20a,20b, S. Menke99, E. Meoni161, K.M. Mercurio57, P. Mermod49,
L. Merola102a,102b, C. Meroni89a, F.S. Merritt31, H. Merritt109, A. Messina30,y, J. Metcalfe25, A.S. Mete163,
C. Meyer81, C. Meyer31, J-P. Meyer136, J. Meyer174, J. Meyer54, T.C. Meyer30, S. Michal30, L. Micu26a,
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Italy
38 AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland
39 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Krakow, Poland
40 Physics Department, Southern Methodist University, Dallas TX, United States of America
41 Physics Department, University of Texas at Dallas, Richardson TX, United States of America
42 DESY, Hamburg and Zeuthen, Germany
43 Institut für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
44 Institut für Kern-und Teilchenphysik, Technical University Dresden, Dresden, Germany
45 Department of Physics, Duke University, Durham NC, United States of America
46 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
47 INFN Laboratori Nazionali di Frascati, Frascati, Italy
48 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
49 Section de Physique, Université de Genève, Geneva, Switzerland
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