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Abstract. The results on the observation of the Higgs boson in decays to bosons and fermions have been

reported from the LHC and Tevatron. A direct evidence of the Higgs-lepton coupling is established at the LHC

with the tau pair decay mode and a direct indication of Higgs boson coupling to fermions is observed in decays

to bottom quarks at the Tevatron. The measurements of the Higgs boson mass, coupling to vector bosons and

fermions, spin and parity, decay width and production cross section have been reported.

1 Introduction

The ATLAS and CMS collaborations at the LHC in July

2012 came out with the observation of a Higgs boson [1, 2]

using proton-proton collision data from the LHC at CERN

corresponding to integrated luminosities of around 5 fb−1

at 7 TeV and 5 fb−1 at 8 TeV center-of-mass energies. The

LHC has completed its first run with the detectors hav-

ing recorded about 95% of delivered collision data, among

which about 90% were certified and used to obtain the re-

sults reported here. The final analysis is based on inte-

grated luminosity of 20 fb−1 at 8 TeV in addition to the

5 fb−1 at 7 TeV collected by the ATLAS [3] and CMS de-

tectors [4] at the LHC. The observation of a Higgs boson

with a mass of about 125 GeV in the high resolution bo-

son decay channels motivates the search in major fermion

decay modes as decays of the Higgs boson to tau pairs

and bottom quark pairs have significantly large branching

fraction in this mass regime. The 125 GeV Higgs boson

opens an interesting avenue for its decays to fermions as

this would provide an effective handle for the measure-

ment of the Higgs boson coupling to fermions. The DØ

and CDF experiments presented a combined result from

the Tevatron using around 10 fb−1 of proton-antiproton

collision data at 1.96 TeV showing an excess of events

in the bottom quark decay mode in association with vec-

tor bosons which is compatible with the presence of the

125 GeV Higgs boson observed by ATLAS and CMS ex-

periments at the LHC.

The LHC experiments had to establish methods to

cope with the challenge of a high number of multiple colli-

sions per beam crossing (pileup), which occurs at high lu-

minosity. The successful mitigation of pileup was demon-

strated and an almost uniform response of the missing

transverse energy resolution as a function of the number

of primary vertices in the event is achieved. The standard

model (SM) Higgs boson analyses utilise the major Higgs
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boson production mechanisms in proton-proton collisions

which are in order of decreasing cross sections namely

gluon fusion, vector boson fusion (VBF) and associated

production with vector bosons (VH). A measurement of

the rate of Higgs boson production in association with top

quark pair provides a direct test of the coupling between

the top quark and the Higgs boson and has also been stud-

ied by the ATLAS and CMS experiments.

The measurement of the properties of the discovered

Higgs boson is crucial to understand the nature of the

new particle and study its compatibility with the standard

model. Any deviations from SM expectations would def-

initely indicate towards new physics at the TeV scale sig-

nalling scenarios beyond the standard model such as su-

persymmetry. The mass of the Higgs boson has been mea-

sured in the high resolution boson decay modes, H→γγ
and H→ZZ∗→4�, at the LHC. The couplings of the Higgs

boson with respect to the SM expectations and the spin

and parity of the new particle have also been measured

with several spin/parity hypothesis tested and ruled out ex-

cept for the scalar boson. Moreover, direct constraints on

the Higgs boson decay width with a high level precision

of the order of 20 MeV and measurement of the Higgs bo-

son fiducial and differential production cross sections have

been reported from the LHC.

2 The Colliders and Associated Detectors

The Tevatron was a proton-antiproton collider at Fermi-

lab which completed operations in September 2011. The

Higgs boson searches took place during the Tevatron Run -

II phase (2002-2011), in which it was configured to collide

beams of 36 bunches with 1.96 TeV center-of-mass en-

ergy and provided an integrated data set of 10 fb−1 to the

CDF and DØ experiments (note that integrated luminosi-

ties given here refers to integrated luminosity delivered

with the detectors in an operational condition sufficient to

be used for physics analysis). The instantaneous luminos-

ity reached 4x1032 cm2s−1, but the effect of the overlay of
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multiple interactions remained under control. The primary

components of the Run-II CDF [5] and DØ [6] detectors

are the silicon and fiber tracking detectors immersed in

a solenoidal magnetic field, electromagnetic and hadronic

calorimeters, and drift chambers for the muon detection

system. The kinematic properties of particles and jets pro-

duced in the collision events are defined with respect to

the origin of the detector coordinate system which is at the

center of the detector. To quantify polar angles the pseu-

dorapidity variable, defined as η=-ln(θ/2), is used where θ
is the polar angle in the spherical polar coordinate system.

The LHC accelerator is a proton-proton collider at

CERN operating at the highest energies currently attained

by a hadron collider, which started operation in 2010. Dur-

ing the 2011 data taking period it was configured to collide

beams with 7 TeV center-of-mass energy and provided an

integrated data set of just over 5 fb−1 to the LHC experi-

ments, while during 2012 it was configured at 8 TeV and

provided an integrated data set of approximately 20 fb−1

to ATLAS and CMS. The instantaneous luminosity of the

LHC has reached 7.7x1033 cm2s−1 making 20-30 multiple

interactions per crossing a typical occurrence and creating

additional challenges for triggering on and reconstructing

physics events. A proton-proton collider at high energy

provides large cross sections for gluon-gluon or quark-

quark initiated Higgs boson production processes such as

gluon fusion and vector boson fusion. For instance, the

cross section for gluon fusion to a Higgs boson is increased

by a factor of approximately 15 compared to the Tevatron.

In addition, the increase in center-of-mass energy from 7

to 8 TeV correspondingly raises the Higgs boson cross sec-

tion by an additional factor of approximately 30%.

The LHC experiments are forward-backward and

cylindrically symmetric detectors with tracking, calori-

metric and muon detector elements. The ATLAS detec-

tor includes an inner tracking and vertexing system, elec-

tromagnetic and hadronic calorimetry, and an outer muon

detection system. The inner tracking detector consists of

a silicon pixel detector, a silicon microstrip detector and a

transition radiation tracker immersed in the field of a 2 T

solenoidal magnet which provides charged particle track-

ing and vertex finding over a large pseudorapidity range of

|η| < 2.5. The inner tracker and solenoid are surrounded by

a high-granularity liquid-argon sampling electromagnetic

calorimeter which provides electron (photon) reconstruc-

tion in the pseudorapidity range |η| < 2.47 (|η| < 2.37). An

iron-scintillator tile calorimeter provides hadronic cover-

age in the central rapidity range. The endcap and for-

ward regions are instrumented with liquid-argon calorime-

try for both electromagnetic and hadronic measurements

which extends jet finding to forward rapidity of |η| < 4.9.

The muon spectrometer surrounds the calorimeters and

consists of three large superconducting toroids, each with

eight coils, a system of precision tracking chambers and

detectors for triggering in the range |η| < 2.4.

The CMS detector consists of a barrel assembly and

two endcaps, comprising, in successive layers outwards

from the collision region, a silicon pixel and strip tracker, a

lead tungstate crystal electromagnetic calorimeter, a brass

scintillator hadron calorimeter, a 3.8 T superconducting

solenoid, and gas-ionization chambers embedded in the

steel return yoke for the detection of muons. The silicon

detector provides charged particle tracking and vertexing

for b-tagging over a large pseudorapidity range of |η| < 2.5,

which is well matched to the coverage of the barrel and

electromagnetic calorimeter as well as that of the muon

chambers providing coverage to |η| < 3 and |η| < 2.4 for

electron and muon identification, respectively. The return

field of the magnet allows independent momentum mea-

surement and triggering in the muon chambers. The iden-

tification of photons and τ leptons is performed within the

overlapping pseudorapidity range of the tracker and elec-

tromagnetic calorimeter. Jet finding can be performed in

an expanded pseudorapidity range up to |η| < 5.0 using

forward calorimeters. For the physics object reconstruc-

tion in a collision event, CMS uniquely employs a parti-

cle flow technique which provides event description in the

form of mutually exclusive particles identifying all stable

particles produced in the event by combining the capabil-

ities of each sub-detector with the most precise measure-

ment of the energy and direction for each particle and then

individual measurements from each sub-detector are com-

bined by a geometrical linking algorithm providing parti-

cle identification on blocks of these linked elements.

3 Higgs Boson at the LHC and Tevatron

Both ATLAS and CMS detectors use a multilevel trigger-

ing system. The first level of the trigger allows for the

measurement of the momentum or energy of physics ob-

jects including electrons and photons as electromagnetic

energy deposits, muons with independent measurement

of the momentum in the muon systems, jets and missing

transverse energy using full calorimeter information, and

taus as narrow jets. The event rate is reduced to approxi-

mately 100 kHz at level one. The ATLAS experiment em-

ploys a second level trigger which repeats physics object

identification using full granularity of the detector and fur-

ther reduces the event rate to 3.5 kHz. Both detectors em-

ploy a full event reconstruction using optimized versions

of offline reconstruction software running on commercial

processors as level 3 or high level event filter with an out-

put rate below 400 Hz for ATLAS and 500 Hz for CMS.

The CDF trigger system consists of three levels. Level

one trigger hardware consists of dedicated electronics that

operate at the beam crossing frequency. The level one trig-

ger can identify and measure the transverse momentum of

charged particles and combine with information from the

calorimeters or muon systems to provide a trigger for lep-

tons. The calorimeter trigger hardware measures energy

clusters which are used to identify jets and photons as well

as an imbalance in event transverse energy. The second

level trigger hardware at CDF refines the measurements

of the level one trigger at higher precision. The level two

trigger can also include tracking and vertexing information

from the silicon detectors. The third level of the trigger op-

erates on commercial computers and executes fast versions

of the full offline reconstruction software.

EPJ Web of Conferences

05002-p.2



Figure 1. The Higgs boson signal at 125 GeV with sig-

nificance over 5σ observed in the di-photon decay mode in

CMS (top) [9] and the measured Higgs boson signal strength at

mH = 125.4 GeV for the di-photon decay channel in different

production modes in ATLAS (bottom) [7].

The DØ trigger system also has three trigger levels re-

ferred to as L1, L2, and L3. Each consecutive level re-

ceives a lower rate of events for further examination. The

L1 hardware based elements of the triggers used in the

electron channel typically require calorimeter energy sig-

natures consistent with an electron. This is expanded at

L2 and L3 to include trigger algorithms requiring an elec-

tromagnetic object together with at least one jet for which

the L1 requirement is calorimeter energy depositions con-

sistent with high-pT jets. For muon samples, events are

triggered using the logical OR of the full list of available

triggers of DØ. Events not selected by high-pT muon trig-

gers (for majority of W+jet events are collected by high-pT

muon triggers) are primarily collected by the jet triggers.

3.1 Higgs Boson in Bosonic Decays

H → γγ
The LHC experiments have the ability to reconstruct a

Higgs boson in the two photon decay mode [7, 9] as a

narrow peak over a smoothly falling background. The de-

tectors are designed with the excellent energy and position

Figure 2. A typical ATLAS event display of the Higgs boson de-

caying to two photons (in yellow) in the vector boson production

mode with two forward jets (in brown) [8].

resolution necessary to accurately reconstruct the invariant

mass of two photon events. Excellent mass resolution is

critical since background contributions from multijet, mul-

tijet + photon, and di-photon events are huge. This decay

has a small branching ratio of 0.2%, since the Higgs boson

can decay only to photons through a loop diagram involv-

ing massive charged particles. The large inclusive produc-

tion cross section at lower Higgs boson masses makes this

a viable mode for a Higgs boson observation at low mass.

In addition, observation of this mode rules out spin one for

the observed particle. Energy and isolation requirements

are imposed on the photons to reduce the backgrounds.

Converted photons are also used and provide good energy

and position resolution when electron pairs can be recon-

structed by the trackers. The ATLAS experiment reduces

background by using the longitudinal segmentation of the

calorimeters to select photons that point to the hard inter-

action vertex. Both experiments apply a separate selec-

tion for events with two forward jets to focus on a vector

boson fusion like topology which has excellent sensitivity

achieving a signal to background that is an order of magni-

tude greater than in topologies without forward jets typical

of gluon fusion production. In the ATLAS experiment, to

optimize sensitivity, events are further divided by whether

photons are converted or not and by which pseudorapidity

region of the detector they are reconstructed in, since these

classes result in different diphoton mass resolution and as a

result different signal to background ratio. Finally, events

are classified by the transverse momentum of the diphoton

system since the backgrounds are substantially reduced at

high values. In the CMS experiment, the output of a ded-

icated photon identification boosted decision tree (BDT),

the transverse momentums of the photons, the opening an-

gle between the photons, the pseudorapidity of the pho-

tons, and the estimated event-by-event mass resolutions

of the diphoton system are used to classify events by ex-

pected signal-to-background ratios using a BDT multivari-

ate discriminate. An investigation of the categories formed

by selecting on the BDT output indicates that divisions

based on the transverse momentum of the diphoton sys-

tem, the detector pseudorapidity region of the photons, and
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whether the photons are converted or unconverted largely

determines the classification of events. The sensitivities

of the individual categories are taken into account when

calculating the overall sensitivity of the analysis and when

determining exclusions or signal significances. The events

are weighted by expected signal-to-background ratio when

displaying the diphoton mass distribution to give a visual

representation of the benefit of this classification. Using

the two photon invariant mass distribution to search for the

Higgs boson, regions at both low mass and high mass have

been excluded by both LHC experiments leaving only a

narrow region of mass unexcluded.

The ATLAS experiment extends the lower exclusion

bound of the LHC searches below the upper exclusion

bound from the LEP searches, and when combined with

other searches excludes the entire mass range below

600 GeV except for the narrow allowed region around

125 GeV. The number of observed Higgs boson decays

to diphotons divided by the corresponding SM prediction,

called the signal strength, is found to be μ=1.17±0.27 at

the value of the Higgs boson mass measured by ATLAS,

mH = 125.4 GeV. The analysis is optimized to measure

the signal strengths for individual Higgs boson produc-

tion processes at this value of mH. They are found to be

μggF = 1.32 ± 0.38, μVBF = 0.8 ± 0.7, μWH = 1.0 ± 1.6,

μZH = 0.1+3.7
−0.1, μtt̄H = 1.6+2.7

−1.8, for Higgs boson production

through gluon fusion, vector-boson fusion, and in associ-

ation with a W or Z boson or a top quark pair, respec-

tively as seen in Figure 1. Compared with previous AT-

LAS analyses, the results reported here also benefit from

a new energy calibration procedure for photons and the

subsequent reduction of the systematic uncertainty on the

diphoton mass resolution. A clear signal is observed by

the CMS experiment in the diphoton channel as observed

in Figure 1 at a mass close to 125 GeV with a local signifi-

cance of 5.7σ, where a significance of 5.2σ is expected for

the standard model Higgs boson. The mass is measured to

be 124.70 ± 0.34 GeV = 124.70 ± 0.31 (stat) ± 0.15 (syst)

GeV, and the best-fit signal strength relative to the SM ex-

pectations is 1.14+0.26
−0.23

= 1.14 ± 0.21 (stat) +0.09
−0.05

(syst) +0.13
−0.09

(theory). No significant deviations from the predictions of

the standard model are found by both ATLAS and CMS.

H → ZZ∗ → 4�

The H→ZZ∗→4� decay mode [10, 12] at the LHC is

considered as the golden channel as it is a very power-

ful search channel that is sensitive to a SM Higgs boson

throughout its entire allowed mass range with a clean sig-

nature of four isolated leptons from a common primary

vertex. The analysis focuses on the electron and muon fi-

nal states where the 4-lepton invariant mass resolution is

excellent and the background due to jet fakes is strongly

suppressed. The major backgrounds to the signal include

the di-boson ZZ, Z+jets and top pair production. The

SM di-boson irreducible ZZ background is estimated from

Monte Carlo simulation. The Z+jets and top backgrounds

are estimated from control samples in data. In such back-

ground estimation method, a control region is defined by

Figure 3. The 4-lepton invariant mass distribution in the CMS

experiment clearly showing the Higgs boson mass peak over an

almost flat ZZ background in the mass range of interest [12].

Figure 4. A typical CMS event display of the Higgs boson de-

caying to four leptons with 2 muons (in red) and 2 electrons (in

green) as final state signatures.

reversing at least one signal selection requirement, and ad-

ditional criteria can be added so that the control sample has

a particular type of background contribution enhanced and

is not overlapped with the signal sample where all events

passed the final selection. The background normalization

in the control sample can be related to its normalization

in the signal sample via a transfer factor. This transfer

factor and its uncertainty are usually determined from the

simulation samples. The background contribution in the

signal sample can therefore be determined by the product

of the background contribution in the data control sam-

ple and the transfer factor. Such method provides a data

driven estimation of the background, and is widely used in

the LHC experiments, including most Higgs boson related

analyses. The selected events are classified to 4μ, 2μ2e

and 4e categories, depending on the flavour of the leading

pair of leptons. Events are further classified to enhance the

sensitivity to various Higgs boson production modes.

The final Run-I measurements of Higgs boson pro-

duction and couplings in the decay channel H→ZZ∗→4�
are presented. At CMS, the new boson is observed as a

narrow resonance as seen in Figure 3, with a local sig-
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nificance of 6.8 standard deviations, a measured mass of

125.6 ± 0.4 (stat.) ± 0.2 (syst.) GeV, and a total width

less than 3.4 GeV at a 95% confidence level. The lim-

its at CMS are derived using a fit of the 4-lepton in-

variant mass distribution with a kinematic discriminant

constructed out of the angular decay variables of the 4-

lepton system and the properties sensitive to the produc-

tion mechanism. The production cross section of the new

boson times the branching fraction to four leptons is mea-

sured to be 0.93+0.26
−0.23

(stat.)+0.13
−0.09

(syst.) times that predicted

by the standard model. In the ATLAS experiment, the

H→ZZ∗→4� signal is observed with a significance of 8.1

standard deviations at 125.36 GeV, the combined ATLAS

measurement of the Higgs boson mass from the H→γγ
and H→ZZ∗→4� channels. The production rate relative

to the standard model expectation, the signal strength, is

measured in four different production categories in the

H→ZZ∗→4� channel. The measured signal strength, at

this mass, and with all categories combined, is 1.44 +0.40
−0.33

.

The signal strength for Higgs boson production in gluon

fusion or in association with tt̄ or bb̄ pairs is found to be

1.7 +0.5
−0.4, while the signal strength for vector boson fusion

combined with WH/ZH associated production is found to

be 0.3 +1.6
−0.9.

3.2 Higgs Boson in Fermionic Decays

H → ττ
The H→ττ search [13, 14] at the LHC is performed us-

ing all possible decays in fully leptonic, semi-leptonic and

fully hadronic states using the final-state signatures eμ,
μμ, ee, eτh, μτh and τhτh, where electrons and muons

arise from leptonic τ-decays and τh denotes hadronic tau

lepton decays. To enhance the sensitivity of the search

at the CMS experiment, each of these categories is fur-

ther divided into three exclusive sub-categories accord-

ing to the nature of the associated jets in the event. The

gluon-fusion production mechanism has the largest pro-

duction cross section. However, in the mass region of

interest, background from Drell–Yan production of tau

pairs overwhelms the expected Higgs boson signal. This

search therefore relies strongly upon the signature of

Higgs bosons produced via vector boson fusion (VBF) or

in association with a high transverse momentum (pT) jet

recoiling against the tau pair. In the former case, the dis-

tinct topology of two jets with a large rapidity separation

greatly reduces the background. In the latter, requiring

a high-pT jet both suppresses background, and improves

the resolution of the tau-pair invariant mass. The CMS

search has been categorized into 0-jet, 1-jet and 2-jet VBF

categories to extract the signal which are further split on

the basis of hadronic tau pT and di-tau pT for 0 and 1

jet categories or di-tau pT, di-jet invariant mass and di-

jet pseudorapidity separation for 2-jet category. The 0-jet

category constrains the background normalization, identi-

fication efficiencies and energy scales, the 1-jet category

improves the resolution of Higgs boson mass and the VBF

category has high signal over background ratio. The anal-

ysis is also performed in the VH category with lepton tag-

Figure 5. The di-tau invariant mass distribution combining all

categories (top) and the signal strength with respect to SM expec-

tation in different di-tau decay channels and result of the combi-

nation in CMS (bottom) [14].

ging from vector bosons along with the tau lepton pair.

The ATLAS experiment also uses similar approach classi-

fying events in VBF (2-jet) and Boosted categories, where

the boosted category has high pT di-tau events. The CMS

experiment distinguishes the Higgs boson signal from the

background from the tau-pair invariant mass reconstructed

using a maximum likelihood technique. The algorithm

estimates the original momentum components of the two

taus by maximizing a likelihood with respect to free pa-

rameters corresponding to the missing neutrino momenta,

subject to kinematic constraints. Other terms in the like-

lihood take into account the tau-decay phase space and

the probability density in the tau transverse momentum,

parametrized as a function of the tau-pair mass. This

algorithm yields a tau-pair mass with a mean consistent

with the true value, and distribution with a nearly Gaus-

sian shape. The relative mττ mass resolution estimated

from simulation is 10–20% depending on the di-tau de-

cay channel and category. The likelihood based mass re-

construction allows for a better separation between simu-

lated 125 GeV Higgs boson signal and Z→ττ background

than the visible mass alone, yielding an improvement in

the final expected significance of 40%. For tau pair mass

reconstruction ATLAS uses an algorithm called the Miss-
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Figure 6. The di-tau invariant mass distribution combining all

categories (top) and the signal strength with respect to the SM

expectation in different di-tau decay channels and result of the

combination in ATLAS (bottom) [13].

ing Mass Calculator, which provides an accurate mass re-

construction of the original resonance and does not suffer

from the limitations of the collinear approximation. The

major improvement comes from replacing assumptions of

the collinear approximation by a requirement that mutual

orientations of the neutrinos and other visible decay prod-

ucts are consistent with the mass and decay kinematics

of a tau lepton. This is achieved by maximizing a prob-

ability defined in the kinematically allowed phase space

region. It drops any assumption of collinearity and tries

to resolve the equations of the missing transverse energy

(MET) and the tau lepton masses in terms of the neutrinos

momenta, and for each possible solution a reconstructed

mass is created that is weighted by the output of a like-

lihood function. The MET mismeasurement is taken into

account by the use of an extra term in the likelihood, ba-

sically parametrizing the MET uncertainty. The estimator

for the tau pair mass is then defined as the most proba-

ble value of the weighted scan points. The largest source

of irreducible background to the search is Z→ττ which

is estimated using an observed sample of Z→μμ events,

where the reconstructed muons are replaced by the recon-

structed particles from simulated tau decays, a procedure

called “embedding”. The normalization for this process is

determined from the measurement of the CMS measured

cross section. The reducible backgrounds (W+jets, mul-

tijet production, Z+jets) are also evaluated from control

samples in data. The QCD multijet background is eval-

uated using the ratio of opposite-sign (OS) to same-sign

(SS) di-tau events and relaxed lepton isolation after an es-

timate of the W+jets background using the high transverse

mass (mT
�Emiss

T ) side-band W boson enriched region and ex-

trapolating it to the signal region. The Z+jets background

is evaluated from fake rate and OS/SS ratio with the shape

from simulation. The top pair produced events and dibo-

son contribution are estimated using simulation.

The ATLAS experiment used a Boosted Decision Tree

(BDT) approach, trained and validated separately in each

channel and category before being fit simultaneously to

extract signal. After boosting, the final score undergoes

a monotonic transformation to spread the scores between

-1 and 1. The most signal-like events have scores near 1

while the most background-like have scores near -1. The

CMS experiment used the tau pair invariant mass as the

discriminating variable. Both ATLAS and CMS see an ex-

cess of events over the background prediction. At CMS us-

ing the full Run-I data set, combining all event categories,

a broad excess of events is observed in the tau pair invari-

ant mass distribution as seen in Figure 5 over a range of

the Higgs boson mass consistent with the 125 GeV scalar

boson observed in the high resolution boson decay chan-

nels. The observed (expected) significance of the excess

at Higgs boson mass of 125 GeV is 3.2σ (3.7σ). The

best-fit value of the signal strength is μ=0.78±0.27, ob-

tained in the global fit combining all channels included in

this analysis where the H→WW process has been added

as a background for the observed process. In the ATLAS

experiment, with 20.3 fb−1 of 8 TeV data, the observed

(expected) deviation from the background-only hypothesis

corresponds to a significance of 4.1 (3.2) standard devia-

tions, and the measured signal strength is μ = 1.4+0.5
−0.4 as in

Figure 6. These results provide the first direct indication

of the Higgs boson coupling to leptons.

H → bb̄

The major decay mode for the Higgs boson at the Tevatron

at a mass of 125 GeV is H → bb̄ [16] with 58% branching

ratio. The most sensitive signatures in this decay are: one

lepton + missing ET + two b-jets (WH→ �νbb̄), no lepton
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Figure 7. Scan of the profile likelihood as a function of the signal

strength relative to the expectation for the production and decay

of SM Higgs boson for mH=125 GeV at CMS [15]. The statisti-

cal significance against the background-only hypothesis is shown

for the two channels and their combination.

+ missing ET + two b-jets (ZH→ νν̄bb̄) and two leptons +

two b-jets (ZH→ �+�−bb̄). Over the Tevatron Run-II pe-

riod, both CDF and DØ have followed the same strategy

to optimize the analyses [17, 18] and improve their sen-

sitivity faster than expected from just accumulating more

data. Acceptance is maximized by lowering kinematic re-

quirements on leptons, by including different lepton re-

construction categories and by accepting events from all

possible triggers. MVA techniques are widely used in all

channels as they provide typically 25% more sensitivity

than just using single kinematic discriminant such as the

dijet mass for the VH→Vbb̄ channels. Each MVA com-

bines into a single discriminant many variables, which in-

clude for example variables describing the event topology,

the lepton and jet kinematics, the quality of leptons, and

the relation between leptons/jets and missing transverse

energy. The MVA techniques are also employed for ob-

ject identification (b-jets, leptons, photons) and for en-

ergy correction to b-jets. Another way of achieving bet-

ter sensitivity to signal, consists in splitting the search

channels into sub-channels according to jet multiplicity,

b-tagging content, lepton flavour or lepton quality. Ded-

icated MVA are also trained to split analyses into sub-

channels enhanced or enriched in specific backgrounds.

Using sub-channels with different signal-over-background

ratio (s/b) maximizes discriminating power, allows sensi-

tivity to different signal production modes, and gives more

handles to control backgrounds and systematic uncertain-

ties. Data driven methods have been employed to con-

trol backgrounds and validate search methods. Instrumen-

tal backgrounds, such as jets faking leptons, photons fak-

ing electrons, charge mismeasurements, and tail of miss-

ing transverse resolution are measured in dedicated control

samples. Background enriched samples are also employed

Figure 8. The Tevatron background-subtracted distribution of

di-jet mass in VH→Vbb̄ channel summed over all input channels

(top) and the observed 95% C.L. upper limits on SM Higgs boson

production as a function of Higgs boson mass (bottom) [16].

to check modeling of specific background processes. A

broad excess of events is observed over a range of Higgs

boson mass from 115 to 140 GeV with a global signifi-

cance of 3.1σ as seen in Figure 8, which is consistent with

the observed boson at 125 GeV at the LHC. The signifi-

cance of the excess at 125 GeV is found to be 2.8σ provid-

ing direct indication of Higgs boson coupling to fermions.

3.3 Higgs Boson Production with Top Quarks

In the search for Higgs boson production in association

with top quarks [19, 20] at the LHC, the selection re-

quirements are optimized separately for leptonic and fully

hadronic final states from the top quark decays. The

data set used corresponds to an integrated luminosity of

20.3 fb−1 of proton-proton collisions at a center-of-mass

energy of 8 TeV and 4.5 fb−1 at 7 TeV recorded by the

ATLAS detector. A search for the SM Higgs boson pro-

duced in association with a pair of top quarks, tt̄H, is pre-

sented using 20.3 fb−1 of pp collision data at
√

s=8 TeV,

collected with the ATLAS detector for H→bb̄ decay and

in addition to the 8 TeV data, 4.5 fb−1 of 7 TeV data for

H→ γγ. The search designed for the H→bb̄ decay mode

uses events containing one or two electrons or muons. The

Higgs boson is assumed to have a mass of 125 GeV. In or-
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Figure 9. Best-fit values of the signal strength μ = σ/σ[S M], for

the combination in solid vertical line and for individual channels

in CMS (top) [23] and ATLAS (bottom) [21].

der to improve the sensitivity of the search, events are cat-

egorized according to their jet and b-tagged jet multiplic-

ities. A multivariate technique is used to discriminate be-

tween signal and background events, which are dominated

by tt̄+jets production. By performing a fit, allowing for an

arbitrary Higgs boson signal strength, the ratio of the mea-

sured signal strength to the SM expectation at Higgs boson

mass of 125.4 GeV is found to be μ = 1.71.3
−1.1. A search

for the SM Higgs boson produced in association with a

top-quark pair (tt̄H) is presented, using data samples cor-

responding to integrated luminosities of up to 5.1 fb−1 and

19.7 fb−1 collected by the CMS detector in pp collisions at

center-of-mass energies of 7 and 8 TeV respectively. The

Figure 10. Distribution of log(s/b), for the data from all con-

tributing Higgs boson search channels from CDF and DØ, for

mH=125 GeV (top); observed and expected (median, for the

background-only hypothesis) 95% C.L. upper limits on the ratios

to the SM cross section, as functions of the Higgs boson mass for

the combined CDF and DØ analyses (bottom) [24, 25].

search is based on the following signatures of the Higgs

boson decay: H to hadrons, H to photons and H to leptons.

The results are characterized by an observed tt̄H signal

strength relative to the SM cross section, μ = σ/σ[S M],

under the assumption that the Higgs boson decays as ex-

pected in the standard model. The best fit value obtained

by the CMS experiment is μ=2.8±1.0 for a Higgs boson

mass of 125.6 GeV.

3.4 Combination Results at LHC and Tevatron

The measurement of the combination of different Higgs

boson decay channels using the full Run-I collision data

sample recorded by the ATLAS experiment at the LHC

for the channels H→γγ, H→ZZ∗→4�, H→ WW∗ → �ν�ν,
H→bb̄ and H→ττ have been presented [21]. The com-

bined signal strength is determined to be μ = 1.30 ±
0.12 (stat)+0.14

−0.11 (sys) at a mass of 125.5 GeV. Evidence for
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Figure 11. Scans of the test statistic q(mH) versus the Higgs bo-

son mass mH for the combination of the H→ γγ and H→ZZ∗→4�

channels in ATLAS (top) [22] and CMS (bottom) [23].

direct decay into fermions is found at the 3.7σ level from

the combination of the H→bb̄ and H→ττ channels with a

signal strength of μbb,ττ = 1.09 ± 0.24 (stat)+0.27
−0.21 (sys). A

comprehensive set of Higgs boson production and decay

measurements are combined [23] by the CMS experiment

at the LHC. The decays to γγ, ZZ, WW, ττ, and bb pairs

are exploited, including studies targeting Higgs bosons

produced in association with a pair of top quarks. The en-

tire Run-I data sample has been used and the final detector

calibration and alignment are used in the event reconstruc-

tion. For the measured mass combining the high resolu-

tion bosonic decay modes, the event yields obtained in the

different analyses tagging specific decay modes and pro-

duction mechanisms are consistent with those expected for

the standard model Higgs boson. The combined best-fit

signal strength, relative to the standard model expectation,

is found to be 1.00 ± 0.09 (stat.) +0.08
−0.07

(theo.) ± 0.07 (syst.)

at the measured mass. Various searches for deviations in

the magnitudes of the Higgs boson scalar couplings from

those predicted for the standard model are performed with

no significant deviations found. Combining tau pair and

bottom quark pair decay modes at CMS as seen in Fig-

ure 9, the significance for Higgs boson decay to fermions

Figure 12. The measured mass from log-likelihood scan in the

di-tau channel at CMS [14].

at 125 GeV is observed to be 3.8σ showing a strong direct

evidence of Higgs-fermion coupling [15] at the LHC.

At the Tevatron with up to 10 fb−1 of pp̄ collision

data, the combination of all search channels [24, 25] for

mH=125 GeV with the background subtracted distribution

of the final discriminant for all channels are sorted as a

function of s/b and then added. An excess of events in the

highest s/b bins is observed and can be visualized in Fig-

ure 10. A significant signal-like excess in the mass range

between 115 and 140 GeV is observed. The background p-

value of that excess corresponds to 3.0σ for mH=125 GeV.

That excess arises from both CDF and DØ data, as ex-

pected from the presence of a standard model Higgs boson

of mass 125 GeV. The results are interpreted in terms of

limits on the Higgs boson production measured in units of

the expected SM production as a function of the Higgs bo-

son mass. The combined CDF and DØ results have almost

reached the exclusion sensitivity for the full mass range

[90, 185] GeV for the SM Higgs boson search.

4 Higgs Boson Properties Measurement

4.1 Mass

The LHC experiments, ATLAS and CMS, have the ability

of a very precise measurement of the Higgs boson mass

due to the significant relevance of the high resolution bo-

son decay modes H→γγ and H→ZZ∗→4� with an excel-

lent invariant mass resolution of 1-2% in the mass range

of interest. The measurement of the mass of the discov-

ered boson in the H→ZZ∗→4� channel relied largely on

the maximization of the efficiency for low transverse mo-

mentum leptons and on the precise calibration of the lep-

ton momentum scale and resolution using J/Ψ, Υ and Z bo-

son decays to di-leptons. In the case of the H→γγ channel,

the mass measurement depended largely both on the pos-

sibility to maintain a good mass resolution in high pileup

regime (from both the energy and the direction contribu-

tion) and on the understanding of the electron/photon ex-

XLIV International Symposium on Multiparticle Dynamics (ISMD 2014)

05002-p.9



Figure 13. The 68% CL contours for individual channels (col-

ored swaths) and for the overall combination (thick curve) for

the (κV, κf ) parameters with the global best-fit values and the SM

expectation of (κV, κf )=(1, 1) indicated from the CMS (top) [23]

and ATLAS (bottom) [21] experiments.

trapolation for the energy scale (depending on the detec-

tor material, the shower shapes, etc). Once the two most

sensitive channels were combined by ATLAS and CMS,

the best fit values for the mass of the discovered boson re-

mained consistent with each other within the uncertainties.

In the CMS experiment, from the high resolution γγ and

ZZ channels, the mass of the Higgs boson [23] is measured

to be 125.03 +0.26
−0.27

(stat.) +0.13
−0.15

(syst.) GeV, with the preci-

sion dominated by the statistical uncertainty. In the AT-

LAS experiment as shown in Figure 11, the mass of the

Higgs boson [22] is measured to be 125.36 ±0.37 (stat.) ±
0.18 (syst.) GeV with the precision dominated by the sta-

tistical uncertainty again. The mass of the Higgs boson

measured in the tau pair decay mode at the CMS exper-

iment is 122±7 GeV obtained from a parabolic fit of the

log-likelihood scan of the observed mass points in data as

shown in Figure 12.

4.2 Coupling

The compatibility of the measured yields at the LHC

for the studied channels with the predictions for the SM

Figure 14. 2-D scan of couplings to vector boson and fermion

scaled to the SM expectation at CMS in di-tau channel [14].

Higgs boson is tested under various benchmark assump-

tions probing salient features of the couplings [21, 23].

The measurements of the signal strengths for different de-

cay modes do not give direct information on the relative

contributions of the different production mechanisms. Fur-

thermore, fixing the ratios of the production cross sections

for the various processes to the values predicted by the

standard model may conceal differences between data and

theoretical predictions. Therefore, in addition to the signal

strengths of different decay channels, the signal strengths

of different production processes contributing to the same

decay channel are determined, exploiting the sensitivity

offered by the use of event categories in the analyses of all

the channels. The data are fitted separating the VBF and

VH processes, which involve the Higgs boson coupling to

vector bosons, from the ggF and ttH processes, which in-

volve the Higgs boson coupling to fermions (mainly the

top-quark). The framework for the measurement is made

under the assumption that the signals observed in the dif-

ferent search channels originate from a single narrow res-

onance with a mass near 125.5 GeV. The case of several,

possibly overlapping, resonances in this mass region is not

considered. The width of the assumed Higgs boson near

125.5 GeV is neglected, i.e. the zero-width approximation

is used. Only modifications of couplings strengths, i.e. of

absolute values of couplings, are taken into account, while

the tensor structure of the couplings is assumed to be the

same as in the SM. This means in particular that the ob-

served state is assumed to be a CP-even scalar as in the

SM. The LO-motivated coupling scale factors κ j are de-

fined in such a way that the cross section σ j and the par-

tial decay width Γ j associated with the SM particle j scale

with the factor κ2j when compared to the corresponding

SM prediction. Measurements of production and decay

mode specific signal strengths and Higgs boson coupling

determinations in different benchmark models show good

agreement with the standard model Higgs boson hypothe-

sis. The couplings of the Higgs boson to vector bosons and

fermions scaled to the SM expectations, has been shown
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Figure 15. The decay topology of the Higgs boson in the 4-

lepton configuration used to construct the MELA discriminant.

by ATLAS and CMS in Figure 13. Compatibility with

the SM is found in all the tests performed, with probabili-

ties ranging from 7% to 21%. In the tau pair decay chan-

nel [14], the measured couplings of the Higgs boson by

the CMS experiment to vector bosons and fermions scaled

with respect to SM, show consistency within around one

standard deviations from SM predictions as shown in Fig-

ure 14, where the H→WW process is added as a signal.

4.3 Spin / Parity

Both ATLAS and CMS collaborations used a similar ap-

proach to probe the spin and parity of the discovered par-

ticle [11, 12]; the angular distributions of the decay prod-

ucts of the particle can in fact give information about its

spin and parity. A matrix element likelihood approach

(MELA) [26] was introduced for the H→ZZ∗→4� analy-

sis based on the probability ratio of the signal and back-

ground hypotheses, KD = Psig/(Psig + Pbkg), where the

leading-order matrix elements define the probabilities for

each value of m4� incorporating the masses of dilepton

pairs and five angles fully defining a four-lepton config-

uration in their center-of-mass frame as seen in Figure 15

for the construction of the kinematic discriminant. The

discriminant is constrained to be between zero and one,

and the relative normalization of probabilities is chosen

to equate probabilities for signal and background distribu-

tions above and below 0.5, respectively. In a similar way,

the 0+ scalar state is treated as a signal and the hypothesis

under test, for example pseudoscalar 0− state, as the back-

ground to measure the spin and parity of the Higgs boson

in the H→ZZ∗→4� channel using the MELA discriminant.

Test of spin and parity hypotheses were performed by us-

ing the CLs statistical approach. First the compatibility

of data with the 0+ hypothesis for the SM Higgs boson

was tested. Then, alternative hypotheses were tested as-

suming the most general scattering amplitude for different

spin and parity combinations. CMS used the H→ZZ∗→4�
analysis to test several spin/parity hypotheses correspond-

ing to pure states expected in different models other than

the SM. Its spin-parity properties are found to be consis-

Figure 16. Distribution of the DJP discriminant shown for data

and expectation for scalar and pseudoscalar JP states in CMS

(top) [12]; and multivariate discriminant output incorporating the

4-lepton decay topology shown in data and expectation for scalar

and pseudoscalar JP states in ATLAS (bottom) [11].

tent with the expectations for the standard model scalar

Higgs boson. The hypotheses of a pseudoscalar and all

tested spin-one boson hypotheses are excluded at a 99%

confidence level or higher. All tested spin-two boson hy-

potheses are excluded at a 95% confidence level or even

higher. ATLAS has also reported similar results favour-

ing the scalar nature of the Higgs boson. In order to dis-

tinguish between pairs of spin and parity states, the re-

constructed observables, namely the five angles and the

two invariant masses, are combined using a multivariate

discriminant based on a boosted decision tree. The BDT

is trained on simulated signal events after full reconstruc-

tion and event selection. Dedicated discriminants are de-

fined for the separation between the standard model JP=0+

hypothesis and each of the considered alternative models,

JP=0−, 1+, 1−, 2+. In the case of the spin-2 hypothesis, the

studies are performed as a function of the quark-antiquark

production fraction. The response of the BDT classifiers

is evaluated separately for each pair of signal hypotheses,

including the expected backgrounds from other SM pro-

cesses. The ATLAS data favours the spin-0 nature of the

Higgs boson, with positive parity being strongly preferred
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over the pseudoscalar nature as shown in Figure 16, and

the other tested spin/parity hypotheses being disfavoured.

4.4 Decay Width

It has recently been proposed [27] to constrain the Higgs

boson width using its off-shell production and decay to two

Z bosons away from the resonance peak [28]. In the dom-

inant gluon fusion production mode, the off-shell produc-

tion cross section is known to be sizable. This arises from

an enhancement in the decay amplitude from the vicinity

of the Z boson pair production threshold. A further en-

hancement comes, in gluon fusion production, from the

top quark pair production threshold. The zero-width ap-

proximation is inadequate and the ratio of the off-shell

cross section above 2mZ to the on-shell signal is of the

order of 8% [28, 29]. A measurement of the relative off-

shell and on-shell production in the H→ZZ channel pro-

vides direct information on ΓH, as long as the coupling

ratios remain unchanged, i.e. the gluon fusion production

is dominated by the top quark loop and there are no new

particles contributing. In particular, the on-shell produc-

tion cross section is unchanged under a common scaling of

the squared product of the couplings and of the total width

ΓH, while the off-shell production cross section increases

linearly with this scaling factor.

The measurement of the ZZ final state in the mass

range above the 2mZ threshold provides a unique oppor-

tunity to measure the off-shell coupling strength of the ob-

served Higgs boson. Constraints on the total Higgs boson

width [31] have been placed by the CMS experiment us-

ing its relative on-shell and off-shell production and de-

cay rates to 4 leptons or 2 leptons and 2 neutrinos. The

results presented by CMS is based on the full Run-I pp

collision data set. The four-lepton analysis uses the mea-

sured invariant mass distribution near the peak and above

the Z-boson pair production threshold, as well as a likeli-

hood discriminant to separate the gluon fusion ZZ produc-

tion from the qq̄→ZZ background, while the two-lepton

plus two-neutrino off-shell analysis relies on the transverse

mass distribution. The presented analysis determines the

independent contributions of the gluon fusion and VBF

production mechanisms from the data in the on-shell re-

gion. It relies nevertheless on the knowledge of the cou-

pling ratios between the off-shell and on-shell production,

i.e. the dominance of the top quark loop in the gluon fu-

sion production mechanism and the absence of new par-

ticle contribution in the loop. The presence of anoma-

lous couplings in the HVV interaction would lead to en-

hanced off-shell production and would make our constraint

tighter. The combined fit of the 4� and 2�2ν channels leads

to an upper limit on the Higgs boson width of ΓH < 22

MeV at a 95% confidence level, which is 5.4 times the

expected width of the SM Higgs boson as seen in Fig-

ure 17. This result improves by more than two orders

of magnitude upon previous experimental constraints on

the new boson decay width from the direct measurement

at the resonance peak. A determination of the off-shell

Higgs boson signal strength in the ZZ→4� and ZZ→2�2ν

Figure 17. Likelihood scan versus the decay width ΓH variable

at the CMS experiment [31].

final states has also been presented by the ATLAS exper-

iment, from which limits on the decay width [30] of the

Higgs boson have been derived, using pp collision data

corresponding to an integrated luminosity of 20.3 fb−1 at a

collision energy of
√

s = 8 TeV. The 95% confidence level

upper CLs limit on the off-shell signal strength μoff−shell is

in the range 5.6-9.0 when varying the unknown gg→ZZ

background K-factor from higher-order QCD corrections

between half and twice the known signal K-factor, with

an expected range of 6.6-10.7. Assuming no energy scale

dependence of the relevant Higgs boson couplings, a com-

bination with the on-shell measurement of μon−shell in the

H→ZZ→4� channel yields an observed (expected) 95%

C.L. upper limit on ΓH/Γ
SM
H

in the range 4.8-7.7 (7.0-12.0)

under the same variations of the background K-factor.

4.5 Cross section

The measurements of fiducial and differential cross sec-

tions [32] have been presented for Higgs boson produc-

tion in proton-proton collisions at a center-of-mass energy

of
√

s = 8 TeV at the LHC. The analysis is performed in

the H→γγ decay channel using 20.3 fb−1 of data recorded

by the ATLAS experiment. The signal is extracted us-

ing a fit to the diphoton invariant mass spectrum assum-

ing that the width of the resonance is much smaller than

the experimental resolution. The signal yields are cor-

rected for the effects of detector inefficiency and resolu-

tion. The pp→H→γγ fiducial cross section is measured

to be 43.2 ± 9.4(stat.)+3.2
−2.9(syst.) ± 1.2(lumi.) fb for a Higgs

boson of mass 125.4 GeV decaying to two isolated pho-

tons that have transverse momentum greater than 35% and

25% of the diphoton invariant mass and each with abso-

lute pseudorapidity less than 2.37 in the detector. Four

additional fiducial cross sections and two cross section

limits are presented in phase space regions that test the

theoretical modelling of different Higgs boson production

mechanisms, or are sensitive to physics beyond the SM.
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Differential cross sections have also been measured, as a

function of variables related to the diphoton kinematics

and the jet activity produced in the Higgs boson events.

The observed spectra are statistically limited but broadly

in line with the theoretical expectations. The most ac-

curate theoretical predictions for Higgs boson production

via gluon fusion in the baseline fiducial region are cal-

culated at the parton level. Higgs boson production via

gluon fusion is simulated at next-to-leading-order (NLO)

accuracy in QCD using the Powheg Box, with the CT10

parton distribution function (PDF). The LHC Higgs cross

section working group recommends using a calculation for

the cross section of Higgs boson production via gluon fu-

sion that is accurate to next-to-next-leading-order (NNLO)

+ next-to-next-leading-logarithm (NNLL) in QCD and in-

corporates NLO electroweak corrections. The predictions

are provided with uncertainties associated with renormal-

ization, factorization and resummation scale variation, as

well as an uncertainty from PDF variation. These predic-

tions are corrected to the particle level to allow compar-

ison to data, using diphoton acceptance, photon isolation

and non-perturbative correction factors. The diphoton ac-

ceptance and photon isolation correction factors account

for the decay of the Higgs boson to two isolated photons

in the geometrical acceptance of the detector. They are de-

termined using Powheg + Pythia8 events with associated

uncertainties from PDF and renormalization/factorization

scale variations. The non-perturbative correction factors

account for the impact of hadronization and underlying

event activity. For events containing one or more jets, a

parton-level cross section has been calculated for Higgs

boson production via gluon fusion using soft-collinear ef-

fective theory, by combining NNLO + NNLL 0-jet and

NLO + next-to-leading-logarithm (NLL) 1-jet cross sec-

tions. A sample of H + 1-jet events is produced at NLO

accuracy in QCD using the Powheg Box, with the Minlo

feature applied to include H + 0-jet events at NLO accu-

racy and interfaced to Pythia8 to produce fully hadronic

final state and this sample is referred to as Minlo HJ. The

data have been compared to the NLO + leading logarithm

(LL) prediction provided by Minlo HJ for gluon fusion and

the default MC samples for the other production mecha-

nisms; the Minlo HJ prediction is normalised to the LHC

cross section prediction using 1.54 as a K-factor. For the

differential distributions that probe the kinematics of the

diphoton system, the HRES 2.2 calculation is used to pro-

vide the prediction for Higgs boson production via gluon

fusion. HRES is accurate to NNLO + NNLL in QCD but

does not contain any electroweak corrections. The uncer-

tainty associated with missing higher orders in the calcu-

lation is derived from the envelope of cross-section pre-

dictions obtained by simultaneously varying the renormal-

ization, factorization and resummation scales by a factor.

The differential cross section as a function of the jet multi-

plicity has been calculated for both jets with pT > 30 GeV

and pT > 50 GeV. The agreement between theory and data

is satisfactory with a non-significant excess of events in

data at the highest jet multiplicities as seen in Figure 18.

Thus, in addition to the fiducial cross sections, twelve dif-

Figure 18. The ATLAS measurement of the fiducial cross sec-

tion (top) and differential cross section in bins of jet multiplicity

sensitive to the Higgs boson production modes (bottom) in the

H→γγ channel [32].

ferential cross sections were measured within the baseline

fiducial volume defined by the kinematics of the two pho-

tons. Collectively, these measurements probe the Higgs

boson kinematics, the jet activity produced in association

with the Higgs boson, and the prevalence of vector boson

fusion, as well as the spin, charge conjugation and parity

nature of the Higgs boson. In all cases, the data have been

found to be in agreement with the SM expectations.

5 Conclusion

Both the ATLAS and CMS experiments reported discov-

ery of a new boson in their SM Higgs boson searches with

the 2011 and 2012 pp collision data at the LHC in the high

resolution boson decay modes of γγ and ZZ∗→4�. Subse-

quent measurements from the two experiments have found

the coupling properties and the spin-CP nature of the new

boson compatible with the expectations of the SM Higgs

boson, which confirm that the new boson is a Higgs boson.

A broad excess of events is observed at the LHC for the

SM Higgs boson search in the tau pair decay mode con-

sistent with the 125 GeV Higgs boson signal from high

resolution boson decay modes providing the first direct in-

dication of the Higgs boson coupling to leptons. Combin-

ing tau pair and bottom quark pair decay modes by the
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CMS experiment, the significance for Higgs boson decay

to fermions at 125 GeV is 3.8σ showing a direct evidence

of Higgs-fermion coupling at the LHC. The mass of the

Higgs boson measured in the di-tau channel by the CMS

experiment is 122±7 GeV from a parabolic fit of the like-

lihood scan of the Higgs mass. The decay width of the

Higgs boson has been constrained to less than 22 MeV at

a 95% confidence level at the LHC by the CMS experi-

ment, which is 5.4 times the expected width of the SM

Higgs boson. Measurements of the Higgs boson fiducial

and differential cross sections have also been made at the

LHC by the ATLAS experiment. In the Run-2 LHC, the

measurement of properties of the Higgs boson in differ-

ent decay channels would continue looking for deviations

from SM as well as the presence of other Higgs-like states.

At the Tevatron with up to 10 fb−1 of pp̄ collision data,

the SM Higgs boson is excluded at 95% C.L. from 90 to

109 GeV and 149 to 182 GeV. The expected exclusion

regions in the absence of a signal are 90-120 GeV and

140-184 GeV. The results of the Higgs boson decaying to

bottom quarks were validated through a measurement of

the diboson (WZ + ZZ) production cross section using the

same data samples and analysis techniques, treating those

diboson processes as signal. The resulting diboson cross

section measurement is in agreement with the SM predic-

tion. A significant excess of events is observed in the mass

range between 115 and 140 GeV. The local significance

at mH = 125 GeV corresponds to 3.0σ, with a median

expected significance, assuming the SM Higgs boson is

present at mH = 125 GeV, of 1.9σ, with a best-fit signal

strength of 1.44+0.59
−0.56

times the SM expectation.
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