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Abstract

After decades of pursuit at lepton and hadron colliders around the world, a Higgs-like boson has been observed at
the Large Hadron Collider (LHC). We present results of searches by the CMS collaboration for the production of the
standard model Higgs boson in proton-proton collisions, using data samples corresponding to integrated luminosities
of 5.1 fb! at /s =7 TeV and 5.3 fb~! at /s = 8 TeV. The searches have been performed in five Higgs decay modes,
vy, ZZ, WW, 777, and bb, in the mass range from 110 up to 160 GeV. Multivariate methods have been used in
many aspects of the analyses to extract optimal results. An excess of events has been observed above the expected
background, with a significance of 5.0 standard deviations. Most of the excess is in the high resolution yy and ZZ
decay modes. A fit to the signal in these modes yields a mass for the boson of 125.3+0.4(stat.)=0.5(syst.) GeV. Since

the new boson decays into two photons, its spin can be inferred to be different from one.
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1. Introduction

The Higgs mechanism [1] is a vital part of the Stan-
dard Model (SM) [2] of particle physics that provides
for electroweak symmetry breaking (EWSB), endow-
ing the W and Z bosons with mass while the photon
remains massless. Inclusion of the Higgs mechanism in
the SM via a weak isospin doublet of fundamental scalar
Higgs field also implies the existence of a spin zero par-
ticle, the Higgs boson. Each of the quarks and leptons
would interact with the Higgs field with a characteristic
Yukawa coupling, thereby acquiring a mass. Since the
discovery of the top quark in 1995, the pursuit of this
agent of EWSB has been the top priority in experimen-
tal high energy physics.

While the SM does not predict the mass of the Higgs
boson (my), it is expected, from general arguments, to
be below 1 TeV, and the precision electroweak mea-
surements imply my < 152 GeV at 95% C.L. [3]. Direct
searches at the CERN electron-positron collider (LEP)
yielded my > 114.4 GeV at 95% C.L.[4]. Significant
upgrades to the Fermilab Tevatron collider complex [5]
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over the past decade provided proton-antiproton colli-
sion data in excess of 10 fb~! at /s =1.96 TeV to the
CDF and DO experiments. The two experiments to-
gether had excluded the SM Higgs boson mass range
of 162-166 GeV at 95% C.L. [6], and recently reported
an excess at low masses [7].

One of the primary scientific goals of the Large
Hadron Collider (LHC) at CERN has been to discover
the Higgs boson, if it exists. The experiments at the
LHC have been collecting collision data since 2010,
at +/s= 7 TeV through 2011 and at 8 TeV in 2012.
Using the 2011 datasets, the CMS experiment had ex-
cluded a range of masses from 127 to 600 GeV while the
ATLAS experiment excluded the ranges 114.4-116.6,
119.4-122.1 and 129.2-541 GeV at 95% C.L. [8]. An
excess of events in the SM Higgs boson searches was
reported in December 2011 by both CMS and ATLAS
experiments, around a mass of 125 GeV. The Tevatron
experiments have reported [7] an excess of events in a
broad mass range of 120-135 GeV, in WH and ZH chan-
nels with H — bb decay. Here we present the searches
for the SM Higgs boson by the CMS experiment, us-
ing 5.1 fb~! at \/s= 7 TeV and 5.3 fb~! at /s= 8 TeV
that led to the observation of a new Higgs-like boson
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with a mass of ~ 125 GeV, reported on July 4, 2012 at
CERN [9].

2. Higgs Production and Decay

In proton-proton collisions at the LHC, the main
processes for the production of SM Higgs bosons
are: gluon-gluon fusion with the largest cross section
(gg — H via heavy quark loops); qq" — qq’H via vector
boson (WW or ZZ) fusion (VBF); associated production
qq’ —» WH,ZH; and gg — ttH via tt fusion (ttH). For
my=125 GeV, the cross sections [10] for the gluon-
gluon fusion process at v/s= 7 and 8 TeV are about
15.3 and 19.5 pb, respectively; those for the VBF and
WH+ZH are about an order of magnitude smaller and
ttH more than two orders of magnitude smaller.

The decay modes in which to search for the SM Higgs
boson very much depends on its mass. CMS has carried
out searches in the Higgs decay modes of yy, ZZ, WW,
77, and bb. Of these, the first three are the most sensitive
decay modes in the low my range of 100-160 GeV. The
H - yy,H » ZZ — ¢ £ (or 4¢) decays allow re-
construction of the mass of the parent particle, the Higgs
boson, with very high resolution. These two channels,
in fact, contribute most significantly to the discovery
and are described in some detail here. Results with all
five channels combined are also reported.

3. The LHC and the CMS Detector

The Large Hadron Collider (LHC) [11] at CERN, is
installed in a 27 km circular ring, 100 m underground,
straddling the Franco-Swiss borders near Geneva. The
LHC accelerates two beams of protons in clockwise and
anti-clockwise directions and collides them in the des-
ignated experimental collision points. It has been pro-
viding excellent operational performance since March
2010, with center of mass energy of collisions of 7 TeV
during 2010-11 and 8 TeV in the 2012 run. Each beam,
currently, consists of 1368 colliding bunches with bunch
intensity ~ 1.5 x 10'! protons. The highest peak lumi-
nosity achieved to date is 7.5 x 10°* cm~2sec™!.

The CMS detector is one of the two large general
purpose detectors at the LHC, designed and built to
have capabilities to detect Higgs bosons in several de-
cay channels. The CMS detector comprises the fol-
lowing major detector systems: an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL) and a brass/scintillator sampling
hadron calorimeter (HCAL), all housed within a su-
perconducting solenoid of 6 m internal diameter pro-
viding 3.8 T axial field; a muon spectrometer with

gas-ionization chambers embedded in the steel flux-
return yoke, and a forward Cherenkov calorimeter based
on steel absorber and quartz scintillation fibers. The
HCAL barrel and endcaps cover the pseudorapidity
range |77] < 3.0, where = —In[tan(6/2)], and 6 is the po-
lar angle. The hadronic forward (HF) calorimeters ex-
tend the calorimeter coverage up to ||= 5.0. Muons are
measured in the range || < 2.4, with detection planes
based on three technologies: drift tubes ( |7| < 1.2),
cathode strip chambers (0.9 < || < 2.4), and resistive
plate chambers (|| < 1.6). The CMS detector is de-
scribed in detail elsewhere [12].

The two-level CMS trigger system ensures that po-
tentially interesting events are recorded with high effi-
ciency. While the design collision rate is ~ 32 MHz,
events are recorded at the rate of around 0.5 kHz, for
offline reconstruction and analysis. A high performance
and highly distributed computing system is used to ex-
ecute numerous tasks, including the reconstruction and
analysis of the collected data, as well as the generation
and detailed detector simulation of Monte Carlo (MC)
event samples.

4. Event Reconstruction

The CMS “Particle-Flow” algorithm [13] is used to
optimally combine all of the sub-detector information
to reconstruct and identify the final state particles or ob-
jects such as photons, electrons, muons, charged and
neutral hadrons.

Charged particles are tracked within the pseudorapid-
ity range || < 2.5. The tracker has a track-finding effi-
ciency larger than 99% for muons with transverse mo-
mentum pr > 1 GeV, a transverse momentum resolu-
tion between 2 and 3% for charged tracks of pr = 100
GeV in the central region (Jy| < 1.5), and a very good
b-vertex-tagging capability.

Jets are reconstructed by clustering the particle-flow
objects, using an anti-k7 algorithm [14]. The jet energy
is corrected for pile-up (presence of multiple events in
each crossing of the bunches) and underlying event ef-
fects using the n-dependent transverse momentum den-
sity, calculated on an event-by-event basis. Jet energy
corrections are between 5% and 10% of the true mo-
mentum over the whole py spectrum. The jet momen-
tum resolution is o(pr) = 85%/ \/pr/GeV & 4% for
central jets. A b-jet tagging efficiency (using secondary
vertex, tracking and kinematic information) of more
than 50% is achieved with a rejection factor of ~ 200
for light-quark jets, as measured in #7 events in data.

The fine-grained hermetic ECAL (along with
Lead/Silicon preshower detectors in the endcaps) pro-



vide excellent resolution for the measurement of elec-
tromagnetic showers. Photons and electrons are recon-
structed by clustering energy deposits in ECAL and re-
quiring the shapes in 7 and ¢ (azimuth) to conform
to the expected shower shapes. For electrons, ECAL
and tracker measurements are combined. The dipho-
ton mass resolution in the central barrel region is esti-
mated to be 1.1 GeV at a mass of 125 GeV. In the 7 TeV
dataset, the dielectron mass resolution at the Z boson
mass is 1.56 GeV in the barrel and 2.57 GeV in the end-
caps, while for the 8 TeV data set, the corresponding
values are 1.61 GeV and 3.75 GeV. Muons are recon-
structed using tracks in the silicon tracker and the muon
systems. The efficiency to reconstruct a muon with py >
5 GeV is larger than 95%. The dimuon mass resolu-
tion at the Y mass, dominated by instrumental effects, is
measured to be 0.6% in the barrel region.

More specialized identification and energy correc-
tions are applied to the objects specific to a particular
analysis, and they are discussed in the appropriate sec-
tions that follow.

5. Searches for the Standard Model Higgs Boson

The sensitivity of a search in a decay channel, for a
given Higgs mass, depends on the cross section times
branching fraction, the signal selection efficiency, signal
to background ratio after candidate selection, and the
mass resolution. The cross sections and branching ratios
along with predicted uncertainties used in the present
study are those compiled in Ref. [10]. Samples of sim-
ulated events for signal and background processes were
used to study signal and background efficiencies as well
as a number of other aspects of the analyses. The signal
MC samples for most production processes and decay
modes were generated using the next-to-leading-order
(NLO) matrix-element generator code POWHEG [15]
interfaced with PYTHIA 6.4 program [16] for frag-
mentation and parton showering. In some cases, the
PYTHIA code was directly used to generate the sig-
nal samples. Signal samples for H — bb were produced
by interfacing POWHEG with HERWIG++[17]. The
MC events for background studies were generated us-
ing POWHEG, PYTHIA and MADGRAPH [18]. The
MC events were processed through full detector simu-
lation using GEANT4 [19].

Multivariate analysis (MVA) methods [20] have been
extensively used in many aspects of the analyses, in
all channels, to extract maximal information from data
and obtain the best possible physics results. MVA
methods are used in electron and photon identifica-
tion, object energy corrections, vertex association, and

signal/background discrimination. In most instances,
Boosted Decision Tree (BDT) methods implemented in
the TMVA software package [21] are used.

The statistical methodology for combining results
from different channels to obtain exclusion limits and p-
values, was developed by the CMS/ATLAS Higgs com-
bination group [22]. The exclusion limits are calculated
using the modified frequentist criterion CL,. The pres-
ence of a signal is quantified in terms of the background-
only p-value, which is the probability for the expected
background to fluctuate upwards to give an excess of
events as large as, or larger than, the observed number
of events. The p-value found at a given my; is called
the local p-value and the probability for such an excess
anywhere in a specified mass range is called the global
p-value. Since there is a finite probability of finding an
excess from random fluctuations anywhere in the mass
range, the global p-value will be larger than the local
p-value — this effect is called the look elsewhere effect
(LEE) and has to be considered for the interpretation
of the final results. The local and global p-values are
expressed in terms of standard deviations (o) using the
one-sided Gaussian tail distribution. The magnitude of
the signal is denoted by the signal strength, the observed
cross section relative to the SM expectation, /o su.

5.1. H — yy Channel

The analysis in this channel is essentially a bump hunt
in the diphoton invariant mass spectrum in the mass
range of 110-150 GeV on a large falling background
from QCD production of two photons and from Z+X
events (X=jets and/or other objects) due to instrumen-
tal effects where jet fragments fake one or more of the
photons. Because of the excellent electromagnetic reso-
lution for measuring photons, we expect to see a narrow
peak from the Higgs boson decay into two photons.

The photon energy is reconstructed by summing
appropriate cluster energies in ECAL; energy in the
preshower detectors, where available, for |p| > 1.65 is
added. Corrections to the raw energy due to shower
containment and losses due to conversions in the mate-
rial upstream of the calorimeter are derived using a mul-
tivariate regression BDT trained with variables charac-
terizing the energy clusters and shower shape. A multi-
variate BDT discriminant is also used in the selection of
photons to suppress background from jets faking pho-
tons. The calibration of the energy scale, photon selec-
tion efficiency, energy resolution and associated uncer-
tainties are estimated using Z — ee data events, where
the track information is ignored.

The event selection requires two high pr, isolated
photons with || < 2.5 (excluding 1.44 < |n| < 1.57,



the barrel-endcap transition region). For the leading and
sub-leading photons, pr > m,, /3 and pr > m,, /4 are
required where m,, is the invariant mass of the photon-
pair. In the VBF events with two tagged forward jets in
addition to two photons, the p7 threshold for the leading
photon is raised to m,, /2, for better background sup-
pression. The two jets are required to have pr greater
than 30 and 20 GeV, Anp > 3.5, and the dijet invariant
mass greater than 350 (250) GeV for 7 (8) TeV data
sets. In case of the 8 TeV data set, a second “tight” dijet
category is created where both jets are required to have
pr > 30 GeV and dijet invariant mass, m;; > 500 GeV.
In addition, the difference in pseudorapidity and the az-
imuthal angle between the dijet and the diphoton system
are required to be less than 2.5 units and 2.6 radians, re-
spectively. Since there are many interactions per bunch
crossing, the association of the photon-pair to the cor-
rect primary vertex is made using a BDT discriminant
trained on the kinematics of tracks and their correlation
with the diphoton kinematics.

To enhance the sensitivity of the search, the diphoton
candidate events are split into several mutually exclu-
sive categories and fits to the diphoton invariant mass
spectra are performed separately in each of these cat-
egories. The splitting is based on a BDT multivariate
discriminant built using the following inputs: i) qual-
ity of the photons as determined by the electromag-
netic shower shape and isolation, ii) expected mass res-
olution, iii) probability of locating the diphoton vertex
within 10 mm of its true vertex, and iv) kinematics of
photons and the diphoton system. The input variables
are constructed so as to contain no information about
the diphoton invariant mass. The training of the BDT
is performed using signal MC events and prompt dipho-
ton background events. The splitting into five categories
using the MVA discriminant is optimized for best sen-
sitivity to find the SM Higgs boson signal. Events in
the category with smallest S/B (which corresponds to
small discriminant values) are rejected and events in the
remaining four categories are kept. The VBF category
events are also required to pass the minimal discrimi-
nant cut.

A signal plus background fit is performed to the
diphoton invariant mass distribution in each of the cate-
gories in the range 100 < m,, < 180 GeV. The back-
ground is fit to a polynomial function of degree 3-5
(the degree chosen to minimize bias in the shape). The
diphoton invariant mass distribution with each event
weighted by the S/(S+B) value of its category is shown
in Fig. 1, where S and B are the number of signal and
background events, respectively, calculated from fits,
integrated over a window of 20y, around 125 GeV.

The inset of the figure shows the combined, unweighted
invariant mass spectrum in a smaller range around 125
GeV. A clear and significant signal peak can be seen in
both plots.
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Figure 1: The diphoton invariant mass distribution with each event weighted
by the S/(S+B) value of its category. The lines represent the background and
background+signal fits, and the bands represent the +10- and +2¢- uncertainties
in the background estimate. The inset shows the unweighted invariant mass
distribution in the region of the signal peak.

Table 1 shows the number of signal and background
events from fitting of the m,,, distributions in each cat-
egory. The results from the simultaneous fit in all the
eleven categories are used to extract confidence level
for exclusion or discovery of a SM Higgs boson. The
expected 95% C.L. upper limits on the signal strength
in the range 110 < myg < 140 GeV for the combined
data set are below 1.0 (0.76 at my = 125 GeV). The ob-
served limit indicates the presence of a significant ex-
cess at my ~ 125 GeV.

At mp=125 GeV, the local p-value corresponds to a
signal significance of 4.1¢0~. (The local p-values as a
function of my are shown in Fig. 7.) The best-fit signal
strength at 125 GeV is o/ogy = 1.6 = 0.4.

5.2. H— ZZ — 4¢ Channel

In this channel, as in the case of H — vy, we ex-
pect to see a narrow peak in the invariant mass spectrum
of the final state objects, from Higgs decay into two Z
bosons, each of which decay into two same flavor, oppo-
site sign, leptons. The search for these decays in the my
range of 110-160 GeV in 4e, 4y and 2e2u final states are
presented here. The dominant background contributions
come from the direct ZZ production via quark-antiquark
annihilation or gluon-gluon fusion. Other background



Table 1: Expected number of fitted signal events at my=125 GeV and back-
ground events (per GeV, at m,, =125 GeV), in the eleven categories in the
H — vy channel. See text for more details.

7 TeV (5.1 b1 8 TeV (5.3 fb~1)
Categories  Signal Background Signal Background
Cat. 0 3.2 3.3+04 6.1 7.4 +0.6
Cat. 1 163 37.5+13 21.0 547=+x15
Cat. 2 215 74.8+19 302 115223
Cat. 3 328 193.6+£3.0 40.0 256.5+34
Dijet Tag 2.9 1.7+0.2 - -
Dijet Tight - - 2.6 1.3+0.2
Dijet Loose - - 3.0 37+04

processes include Z + bb and tt events with four lepton
final states as well as Z+jets and WZ+jets where jets
might be misidentified as leptons.

The event selection requires two pairs of same fla-
vor, oppositely charged leptons — isolated electrons with
pr > 7 GeV and || < 2.5 and isolated muons with
pr > 5 GeV and || < 2.4 are selected. A multivariate
classifier trained using W+jets events is used to select
electrons. The combined efficiencies for electrons and
muons are measured using Z boson events. For muons
with py < 15 GeV, the efficiencies are measured using
J/y decays. Any photon in the vicinity of a selected
lepton, that could be from a final state radiation (FSR)
is included in the computation of lepton-lepton pair in-
variant mass. One of the two lepton pairs is required to
have a mass in the range of 40-120 GeV and the other
pair in the range of 12-120 GeV.

The distribution of four lepton invariant mass of the
selected events is shown in Fig. 2. The background
from direct ZZ (and Zy*) production is obtained from
MC simulations. Other backgrounds are estimated us-
ing data. Control background samples of data events
with like-sign leptons, or with unlike-sign leptons which
fail one or more lepton selection criteria, are used to
measure event rates in the background region. These
rates are then folded with the measured probability for
a reconstructed lepton to pass the required criteria to es-
timate background in the signal region. The my, dis-
tributions from background contributions are shown by
the filled histograms in Fig. 2. A clear peak in data
above the expected background can be seen. The ex-
pected signal peak for a 125 GeV Higgs is shown by the
open (red) histogram. There is also a peak at the Z bo-
son mass from Z— 4¢ decays. The expected number of
background and signal events and selected data events
are shown in Table 2.

Again, to enhance the sensitivity of the analysis, we
resort to a multivariate analysis of the data. A multi-

variate discriminant (MELA, for Matrix Element Like-
lihood Analysis) is built using five angle variables and
invariant masses of the two pairs of leptons. These vari-
ables fully describe the kinematics of the Higgs decay
mode to 4¢ and are used to construct a kinematic dis-
criminant, Kp = Pye/(Psig + Pprg) [231 (qQ@ — ZZ/Zy
used for background).

Fig. 3 shows the distribution of Kp vs. my, for data
events selected in the analysis superposed on the ex-
pected signal density for my =125 GeV. A clustering
of data events can be seen around 125 GeV with high
values of Kp, as expected for signal events. The my,
distribution of data events with Kp > 0.5 is shown in
the inset of Fig. 2.

Two dimensional likelihood fits are performed for
data in the three final states for the 7 TeV and 8 TeV
data sets for different values of my in the considered
mass range. The expected 95% C.L. upper limit on
the signal strength, o-/osm, in the background only hy-
pothesis, has a value of 0.6 at myg =125 GeV. The ob-
served limits indicate a significant excess in the range
120 < my < 130 GeV. The minimum local p-value, at
my =125.6 GeV corresponds to a signal significance
of 3.20 (expected 3.807). The best-fit signal strength at
125.6 GeVis o/osy = 0.7f8:§.
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Figure 2: The four-lepton invariant mass distribution from the H — ZZ — 4¢
channel analysis. The inset shows the invariant mass distribution for events with
the MELA discriminant Kp >0.5.

5.3. Low Resolution Channels

The H —» WW decay mode, with both W’s decay-
ing leptonically has very good sensitivity to find a SM
Higgs boson signal down to 120 GeV mass, but has
poor mass resolution. For Higgs search in this chan-
nel, events with two isolated leptons (electrons and



Table 2: Expected number of background and signal events and number of observed events in H — ZZ — 4¢ channel. The number of background and data events in

the signal region (121.5< my4p <130.5 GeV) are also shown.

Channel 4e 4u 2e2u 4¢
Background 4.0£1.0 6.6+0.9 9.7£1.8 20+3
Data 6 6 9 21

Signal (my=125 GeV) 1.36+0.22 2.74+0.32 3.44+0.44 7.54+0.78
Background (signal region) 0.7+0.2 1.3+0.1 1.9+£0.3 3.8+0.5
Data (signal region) 1 3 5 9

\s=7 TeV, L=5.1 fb" \Vs=8 TeV, L=5.3 fb"!

0
100 110 120 130 140 150 160 170 180
m,, (GeV)

Figure 3: The MELA discriminant vs the four-lepton invariant mass in the
H — ZZ — 4¢( channel. Data events are shown as symbols (defined in the leg-
end) superposed on the signal density expected for 125 GeV Higgs boson events.

muons) of pr > 20 and 10 GeV, and up to two jets
with pr > 30 GeV and large missing transverse energy
(E’T""”) are used. Event selection criteria are further op-
timized separately for different event categories to sup-
press different dominating backgrounds.

The dominant background for the most sensitive
zero-jet ey category comes from nonresonant WW pro-
duction, and the next largest contribution comes from
the W+jets process with a fake lepton, followed by top
quark events. In ee and pu event categories, the back-
ground mainly comes from diboson and Drell-Yan pro-
duction. The one-jet and two-jet categories have back-
grounds from top, WW and W+jets events.

To suppress dominant non-resonant WW back-
ground, either a multivariate selection (applied in 7 TeV
data analysis) or cuts on single variables are used. The
dilepton invariant mass, my, is one the best discrimi-
nants against this background. A multivariate selection
is also applied to reduce Drell-Yan background in ee
and pu channels. To suppress top-quark background, b-
tagging information is used. The backgrounds in data,
after the event selection, are estimated using control
samples of data enriched in relevant backgrounds.

In the most sensitive zero-jet eu category, 124.2+12.4
events are expected from background, 23.9+5.2 events

from signal with my=125 GeV, and 158 data events are
observed. A plot of the my, distributions for 8 TeV data,
background and signal is shown in Fig. 4. Combining
all categories, a broad excess above the expected 95%
C.L. limits is seen in the mass range 110-160 GeV. The
observed excess is consistent with a SM Higgs boson
with a mass around 125 GeV. The expected significance
at 125 GeV is 2.40, while the observed significance is
1.60.
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Figure 4: The distribution of dilepton invariant mass for data events (/5=
8 TeV) compared with background and signal+background distributions in the
H — WW — {v{y channel analysis (zero-jet eu category).

The H — 77 decay mode is analyzed in four exclu-
sive sub-channels: ey, uu, et,, and uty,, where electrons
and muons come from leptonic 7 decays, and 7, denotes
hadronic decays of 7 (reconstructed as three prong or
one prong decays). The search is carried out in the mass
range of 110-145 GeV, and a signal, if any, is expected
to show up as a broad excess in the distribution of the
invariant mass of the t-pair, m... All backgrounds — tt
and Drell-Yan in the ey and gy channels, and W and Z
production with fake 7, candidates in the hadronic chan-
nels, are estimated using data. The expected median



95% C.L. limits on o /oy is pretty flat (1.3—1.6) in the
Higgs mass range 110-130 GeV. The values of the ex-
pected and observed limits are 1.3 and 1.1, respectively,
for a mass of 125 GeV. The expected significance for a
SM Higgs boson of mass 125 GeV is 1.40. However,
no excess is observed in this channel.

For my < 135 GeV, the H — bb decay has the largest
branching fraction of the five decay modes considered,
but it is overwhelmed by background from QCD pro-
duction of b—quarks. Therefore, the strategy in the
analysis is to look for associated production of Higgs
boson with a W or a Z boson. The following chan-
nels are explored: ZH — eebb or uubb, ZH — vvbb
and WH — evbb or uvbb. Dominant backgrounds arise
from W/Z+jets, tt, single top-quark, and diboson pro-
duction (with one of the bosons decaying hadronically).
Significant background rejection is achieved by requir-
ing a large pr for the dijet, minimal additional jet ac-
tivity, and the vector boson to be back-to-back with the
dijet in azimuth. Further discrimination is obtained us-
ing a BDT trained on kinematic and topological vari-
ables. The expected 95% C.L. limit on o/osym ranges
from 1.2 at my=110 GeV to 2.8 at 135 GeV. The ex-
pected significance at my=125 GeV is 1.90 while the
observed significance is 0.70-.

5.4. Combined Results

The methodology for combination of results from
various channels and their interpretation is discussed
elsewhere as noted at the beginning of the section. The
combination takes into account the statistical and sys-
tematic uncertainties in measurements as well as the-
oretical uncertainties such as those on QCD scale and
parton distribution functions. The observed CLg val-
ues from the combination of all five channels are shown
in Fig. 5 along with the expected median values and
the 68% and 95% C.L. bands for background-only hy-
pothesis. These and our previous search results [8] ex-
clude a SM Higgs boson in the mass ranges of 110-
121.5 GeV and 128-600 GeV with a confidence level of
95% or higher. However, the range 121.5 < my < 128
GeV cannot be excluded at 95% C.L. due to the ob-
served excess of events. The observed local p-values
as a function of Higgs boson mass hypothesis for yy
and ZZ channel results combined, and for all five chan-
nels combined, are shown in Figs. 6 and 7, respectively.
The combined significance of the yy and ZZ channels is
about 5.00- at my= 125.5 GeV. When the WW channel
is added, the significance becomes 5.10". The combina-
tion of all five channels gives an observed significance
of 5.00 at a mass of 125.5 GeV, while the expected sig-
nificance is 5.80. The global p-value calculated by cor-

recting for LEE in the search range of 115-130 (110-
145) GeV corresponds to a significance of 4.60 (4.50).
An unconstrained fit to the signal in the yy, ZZ— 4¢
channels, yields a best-fit mass value for the boson of
125.3+0.4(stat.)+0.5(syst.) GeV. The best-fit value for
o /osm vs. my with all five channels combined is shown
in Fig. 8; the value at 125.5 GeV is 0.87+0.23.
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Figure 5: The CL; values for the SM Higgs boson hypothesis for the five
channels reported. For background-only hypothesis, the median expected values
(dashed line) and the 68% and 95% C.L. bands are shown. The observed values
are shown as solid points. The horizontal lines indicate CLg values of 0.05,
0.01 and 0.001, corresponding to 95%, 99% and 99.9% C.L. exclusion limits
for mass regions below the observed CLj.
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Figure 6: The observed local p-values for H — yy and H — ZZ — 4{ chan-
nels combined. The dashed line shows the expected p-values for the combined
dataset.

6. Conclusions

A new Higgs-like boson, with a mass around
125 GeV, has been observed in searches for the standard
model Higgs boson in proton-proton collision data col-
lected with the CMS detector at the LHC. The searches
in decay modes yy, ZZ, WW, 77 and bb, using data
corresponding to 5.1 fb~! at 4/s=7 TeV and 5.3 fb~! at
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Figure 7: The observed local p-values for the five individual channels ana-
lyzed, and for the combination, as a function of the SM Higgs boson mass. The
dashed line shows the expected p-values for the combination.
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Figure 8: The best-fit production cross section for the observed boson relative
to the predicted SM cross section from the analyses of five channels combined.

1/s=8 TeV, yield a combined signal significance of 5.0c,
while the expected significance is 5.80~. The high mass
resolution yy and ZZ channels show significant signal
peaks in the m,, and my, invariant mass distributions,
respectively. A fit to these signals yields a mass for
the new boson to be 125.3+0.4(stat.)+0.5(syst.) GeV.
A broad excess consistent with this mass is also seen
in the WW channel. The best-fit value for the produc-
tion cross section relative to SM, using results from all
five channels, is o/os=0.87+0.23 at my=125.5 GeV.
The decay to two photons indicates that the spin of the
new boson is different from one. The results, so far, are
consistent with the expectations for a standard model
Higgs boson. With more data being collected at the
LHC this year, it should be possible to begin to eluci-
date the nature of this newly observed Higgs-like par-
ticle — whether it has all the properties expected of the
standard model Higgs boson or is a harbinger of new
physics beyond the standard model.
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