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1. Introduction

The Large Hadron Collider (LHC) at CERN has provided the AB_H] and CMS [2] ex-
periments proton-proton collisions with an integratedihwsity of approximately 5 fb* each at a
centre-of-mass energy/g) of 7 TeV and approximately 20 f each at,/s = 8 TeV. In this con-
tribution, the current status of electroweak measuremeétitgs boson searches and Higgs boson
property measurements using these data is presented.

2. Electroweak M easurements

The theory of electroweak (EW) interactions is a quantura-tieeory obeying locaBU(2) x
U (1) gauge symmetries. This symmetry structure leads to caygplirf fermions to the W and Z
gauge bosons. In this way, production of single W or singleoZams in proton-proton collisions
at the LHC can be described. The theory also predicts caypletween three gauge bosons such
as ayWw and ZWW and between four gauge bosons suchyagW. These couplings can be
probed in events where pairs of gauge bosons are produdsaséaii production).

2.1 SingleW / Z Boson Production

The CMS collaboration has measured the cross section fglesit or Z boson production
with a relatively small dataset of .Zdt = 18.7 pb ! collected at,/s = 8 TeV [3]. These data
were taken at low instantaneous luminosity, to reduce tbbaiility of multiple interactions per
bunch-crossinggile-up) and to allow for efficient low transverse momentum leptoggeers.

The selection of Z boson decays is based on identifying agiaame-flavour electrons or
muons with invariant mass close to the Z boson mass. For Wnbdscays, events with a single
electron or muon are selected. The Z boson production ceati®s is then determined by counting
the number of events compatible with a Z boson decay, wheheagV/ boson production cross
section determination is based on a fit of a background amélsigodel to the distribution in data
of the missing transverse energy (caused by the non-ddteetatrino in the leptonic W boson
decay). The event counts are then corrected for selectfamieeties and detector acceptance to
inclusive cross sections, or to ratios of cross sectionsexample is given in Fig. 1, which displays
the Z boson production cross section versus the W boson gtiodicross section. The uncertainty
contours for the data indicate the correlations betweetesyic uncertainties, such as lepton
identification uncertainties and uncertainties in the ptangce correction. The measured cross
sections are in fair agreement with the predictions of theddrd model using common choices
for the parton distribution functions.

Properties such as the transverse momentum or the rapfdte gauge bosons are the effect
of the strong interaction, and are described in a differentribution to this conference.

2.2 Diboson Production

Observing and measuring the production of pairs of ele@eadngauge bosons is not only an-
other important test of the electroweak theory, but alsegivonstraints on possible anomalous
gauge boson self-couplings. Moreover, diboson produdsaelevant for Higgs boson searches,
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Figure 1: Cross sections of inclusive Z boson production\&hldoson production [3]. The black
point indicates the measurements, whereas the colouretspid contours indicate the expecta-
tion from the standard model, for different choices of paudstribution function.

where it may appear as a significant source of background BetATLAS and CMS collabora-
tions have performed a full scan of possible diboson prese@al, Zy, WW, WZ, ZZ) of which
some are described in the following.

Wyand ZyProduction The ATLAS collaboration has used an integrated luminodity & dt =

4.7 fb~1 at\/s= 7 TeV to measure inclusive and differential cross section®\fy and Zy produc-
tion [4]. The event selection is based on identified leptaecfrons or muons) in the detector,
significant missing transverse energy (for the/\8hannel) and a photon. This photon has to be
well separated from a leptodR(¢, y) > 0.7) to reduce the contribution from events where the
photon is radiated off a final state lepton. Non-signal bawkgds arise from, e.g., W/Z boson
production with additional jets, where a jet is misidentlfi@s a photon. As an example, in the
WYy channel, 18313 events are found in data, with an expectddjltamd of approximately 7500
events of which 70% are from W +jets production.

Cross sections as function of photon transverse eneﬁéya(re shown in Fig. 2. For this,
the experimental data are unfolded for detector resolwffects, and corrected for the detector
acceptance up to a fiducial region that corresponds to the se&ction criteria. For the exclusive
case (number of jets equal to zero), there is rather goocagmet between data and expectation
(leading order generators scaled to the observed data, @fMvat next-to-leading order [4]).
For the inclusive case (any number of jets), the disagreemith the MCFM prediction can be
attributed to missing higher order QCD contributions.

WW Production Production of a pair of W bosons was studied by the CMS cothtion with
part of the dataset afs= 8 TeV (/ .Zdt = 3.5 fb~1) [5]. The cross section measurement relies on
the identification of two leptons (electron or muon) fromttapc W boson decays. To reduce back-
ground from Z'y* — ¢+ ¢~ production, large missing transverse energy is requinedi ggents with
two same-flavour leptons with an invariant mass close to thesbn mass are rejected. Moreover,
events with high transverse momentum jets are removed tedoackground front production.
In data, 1111 events passing these criteria are found, witkpected background of 275 events
from dominantly t and W4-jets production. The inclusive WW production cross secisofound
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Figure 2: Fiducial cross sections as functiorEéf for the Wy channel (a) and Zchannel (b), and
ratios of data to theory prediction [4], for an exclusiveestibn (exactly zero jets in the final state)
and inclusive selection (any number of jets).

to beo(pp— WW) = 69.9+ 2.8(stat. 1+ 5.6(syst. )t 3.1(lum.) pb. This is slightly higher than the
expectation from the standard modelaijpp — WW) = 57.31%2 pb, calculated at next-to-leading
order. Contributions from, e.g., Higgs boson productiorulddncrease the cross section by as
much as 5%.

The inclusive cross sections for WW production &= 7 TeV measured by the CMS [6] and
ATLAS [7] collaborations are slightly but not significantlgrger than the standard model expec-
tation. With the dataset ays= 7 TeV, the ATLAS collaboration also measured the normalized
fiducial (i.e., within the detector and event selection ptaece) cross section as function of the
leading lepton transverse momentum, unfolded for deteetsolution effects [7]. The result is
shown in Fig. 3(a), and is in agreement with the standard hpédiction.

WZ Production For WZ production, the experimental signature is event$ witee leptons
(electrons, muons). The ATLAS collaboration has lookedtfis signature in data collected at
V/S=8TeV (/ Ldt = 13 fb 1) [8]. To identify the Z boson, two same-flavour leptons amguieed
to have an invariant mass close to the Z boson mass; the W esdentified by large missing
transverse energy, and a large transverse mass of thedptahland the missing transverse energy.
Non-WZ background is caused by ZZ production arjéts production where a jet is misidentified
as a lepton. Of the 1094 candidate events observed in dafege\&nts are expected to be non-
WZ background. The inclusive WZ production cross sectichés measured as(pp — WZ) =
20.3"08(stat.) 1-2(syst.y 3£(Ilum.) pb, in excellent agreement with the standard modeéetation
of o(pp— WZ) = 20.3+0.8 pb (calculated at next-to-leading order).

Also at\/s=7 TeV, both the ATLAS and CMS collaboration measured cross®es for WZ
production in agreement with the standard model expect§®ip

ZZ Production The production of a pair of Z bosons is the diboson produgbimtess with the
smallest cross section. However, the experimental sigaadwery clean, if only decays of both Z
bosons into leptons are considered. The ATLAS collabanatiged the full dataset gfs = 8 TeV
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Figure 3: (a) Normalized fiducial cross section for WW prdihrt as function of the transverse
momentum of the leading lepton [7], (b) normalized fiduciadss section for ZZ production as
function of the ZZ invariant mass [12].

([ Zdt = 203 b~ 1) to measure this cross section [10]. Events with four idientileptons are
selected (electrons, muons), where pairs of same-flavptore are required to have an invariant
mass close to the mass of the Z boson. Non-ZZ backgroundhateg from Z-jets and t pro-
duction where jets are misidentified as leptons, and is astidndirectly from the data. Of the 305
events selected in the data, 20 are expected to be causedkgydiand processes. The inclusive ZZ
production cross section is ther(pp — ZZ) = 7.1f8:f{(stat.)i 0.3(syst. )t 0.2(lum.) pb; the stan-
dard model predictg (pp — ZZ) = 7.2f8:§ pb (at next-to-leading order). A similar measurement
performed by the CMS collaboration gfs= 8 TeV yieldso (pp— ZZ) =8.4+1.0+0.7+0.4 pb
(standard model predictioo(pp — ZZ) = 7.7+ 0.4 pb) [5]. The small difference in cross section
between the two experiments is partially due to a differéeptbn invariant mass window.

At the lower centre-of-mass energis= 7 TeV, the CMS [11] and ATLAS [12] collaborations
found the cross section to also be in agreement with the atdrdodel. In addition, the ATLAS
collaboration measured unfolded differential cross sestifor ZZ production at/s= 7 TeV. An
example of that is given in Fig. 3(b) where the normalizeddiducross section as function of the
invariant mass of the Z boson pair is shown. The data are wetiribed by the standard model (at
next-to-leading order). It should be remarked that thaessiedl power of the data is still limited.

Limits on Anomalous Triple Gauge Boson Couplings The measurements of diboson produc-
tion cross sections described before can be interpreteceasurements of the couplings between
three gauge bosons (triple gauge coupling, TGC). This iséyly done by setting limits on anoma-
lous TGC's. The sensitivity is optimized by using kinematioperties of the observed events, such
as the Z boson transverse momentum (in case of WZ produdiiotie transverse momentum of
the leading lepton (in WW production). An example is giverFig. 4 [13] for deviations from
the standard model WWZ coupling. No deviations are found,eugn with rather small datasets,
the results from the ATLAS and CMS collaborations on WWZ antMy/couplings are reaching
the world’s leading sensitivity. For the ZZZ and Z£ouplings, ATLAS and CMS have better
sensitivity than previous experiments.
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Figure 4: Limits on anomalous WWZ couplings [13].

2.3 Forward-Backward Asymmetry

The electroweak theory predicts an asymmetry in the momeadtrection of leptons produced
in the process@— Z/y* — ¢ ¢~ with respect to the direction of the incoming quark, in thet+e
frame of the dilepton system. This forward-backward asyimres been measured by the ATLAS
collaboration at/s= 7 TeV ([ .Zdt = 4.8 fb~1) [14], using dilepton pairs (electrons, muons). The
unknown incoming quark direction is approximated by thegltrdinal momentum direction of
the dilepton system. This reduces the dilution in the asytryndefined ashrg = 522, where
or (o) refers to the cross section for dilepton events with thdtpes(negative) decay angle.
The dilution effect is further reduced by including evenighvan electron in the forward detector
region (up tone| = 4.9). The shape of the asymmetry is used to measure the weakgwErgle
sin? . Itis found to be siABET = 0.2297- 0.0004(stat. )= 0.0009(syst.). This result is as precise
as the most precise measurement at a hadron collider froraB@is in agreement with the world
average.

3. Higgs Boson Searches and M easurements

To get a predictive theory of electroweak interactions wittssive gauge bosons and fermions,
the Higgs mechanism has been introduced. In its simplest, fan additional field, the Higgs field,
breaks the electroweak symmetry and causes W and Z bosorsdmb massive. It also predicts
the existence of a boson with spin-parity quantum numbBrs 0", the Higgs boson. Fermion
masses can be introduced by a direct coupling between thgsHlgld and fermions.

To prove the validity of the Higgs mechanism, the Higgs basas to be found and its prop-
erties measured. At the LHC, the Higgs boson is dominantiggpeed in the gluon-fusion process
(through a top-quark loop). Sub-dominant is weak vect@ebofusion (VBF) process, and at an
even smaller rates is the production of a Higgs boson in &ssmt with a W or Z boson or with a
tt pair. The current LHC data allow for first measurementsifitiss, spin-parity and its couplings
to electroweak gauge bosons and fermions. In the follonangglection of Higgs boson searches
and property measurements is given. Other results can be fay15].
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3.1 Higgs Boson Search and Observation

H —ZZ Decays of the Higgs boson into a pair of Z bosons which theay&xcharged leptons
give a very clean signal. The Higgs boson can be fully recoottd from the four leptons, and
background processes (dominantly non-resonant ZZ primatuand Z+-jets production) are rela-
tively rare. An example of the four-lepton invariant masshis channel is given in Fig. 5, based
on data from the CMS experimeny/§ = 8 TeV, [ Zdt = 19.6 fb~ 1) [16]. At a mass of 125 GeV,
a clear peak is visible (expected mass resolution @GeV), consistent with the decay of a Higgs
boson. Combining the mass distribution with other kinen@tiariables, the significance of this
excess is at the level of Bstandard deviations. Interpreted differently, a sigaalliserved with a
strengthu relative to the standard model Higgs boson expectatiqn efo /osy = 0.9133% and

a mass ofny = 1258+ 0.5(stat. 1+ 0.2(syst.) GeV.

H —WW Ata Higgs boson mass ofiy = 125 GeV, the decay H> WW is the most dominant
decay mode, after the H> bb decay. A possible experimental signature is that of twaolep
(electrons, muons) and large missing transverse enemgy)daase that both W bosons decay lep-
tonically. To increase the search sensitivity, the eveatsle classified according to the number
of jets. The background from production can be reduced by removing events with jets with
b-hadron signature. Remaining backgrounds are then rsmmaat WW productiont production
and Drell-Yan dilepton production. Due do the non-obsdevateutrinos, the mass of the Higgs
boson cannot be reconstructed. Instead, the transverse (pfabe two leptons and the missing
transverse energy) can be used, as shown in Fig. 6 for the STnalysis using Zdt = 20.7 fb*
at\/s=8TeV [17]. A clear excess can be seen, consistent with stdndadel Higgs boson pro-
duction. For a mass afiy = 125 GeV, an excess over background @®is observed (including
data at,/s= 7 TeV), and a signal strength pf= 1.01+0.31 is measured. This ATLAS analysis
by itself also excludes Higgs boson masses almaye- 133 GeV, at 95% confidence level (CL).

The CMS collaboration also looked for H WW decays in events with a third identified
lepton [18]. This search is directly sensitive to assodiaééH production. This production and
decay mode is only dependent on the HWW coupling. After tejgevents with additional jets to
remove t background, the dominant background is WZ angdéts production. With the present
data, the search can exclude 3.3 times the expected stamdaiel Higgs boson cross section, at
my = 125 GeV and 95% CL.

H — yy The H— yy decay has a very small branching ratio, but experimentaliy easy to
observe as a narrow peak in the diphoton invariant masshaisen (with a typical experimental
mass resolution of less than 2 GeV) on top of a smooth fallaxckground. By splitting the events
in various jet multiplicity bins and in photon reconstractiquality categories, the sensitivity is
optimized. The CMS collaboration used photon identificatdgorithms based on multi-variate
techniques to get an even better sensitivity than with ased algorithms [19]. Using the full
dataset (.Zdt = 5.1 fb L at\/s=7TeV, [ ZLdt = 196 fo ! at \/s= 8 TeV), the CMS analysis
gives a signal strength @f = 0.78"525 (in agreement with the standard model vajue- 1) and a
Higgs boson mass afy = 1254+ 0.5(stat. )+ 0.6(syst.) GeV. A cut-based analysis on the same
dataset gives a larger observed signal strength, whiclsdsa@mpatible with the standard model

and with the multi-variate analysis.
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Figure 5: Invariant mass of four leptons (elec-Figure 6: Transverse mass of leptons and missing
trons, muons) in the H» ZZ search [16]. transverse energy in the 4 WW search [17].

H — t7/upu  Observing Higgs boson decays to a pair of tau leptons, muobsttom quarks
would prove directly the coupling of the Higgs boson to fesns. The most sensitive fermionic
decay mode is that to tau leptons. The tau leptons themseéazsy further to lighter leptons or
hadrons. In an analysis by the CMS collaboration, using @éten at,/s= 7 TeV and,/s= 8 TeV
[20], five final states were studied separatety: — UTh/€Th/eU/ThTn/ U, WhereT, indicates a
hadronic tau lepton decay. The dominant background from Zr events is estimated using an
“embedded” sample, which is a-2 pu event sample from data in which the muons are replaced
by simulated tau lepton decays. For events with two idedtifigh transverse energy jets, specific
VBF cuts are applied to enhance the sensitivity to this pctido mode. Fig. 7 shows the di-tau
invariant mass distribution. A.9o excess over the expected background is visible, consisfémt
Higgs boson production. The measured signal strength asa afiag = 125 GeVisu=1.14+0.4,
whereas the measured Higgs boson magsyis- 120f$ GeV.

The branching ratio for the decay of a Higgs boson to a muonigpaather small, but still a
factor of two larger than the decayH ZZ — 4e/4u/2e2u (atmy = 125 GeV). Observing these
H — uu decays is still challenging because of the large Drell-Yiamudn production background.
The ATLAS collaboration used data collected &= 8 TeV (| .Zdt = 20.7 fb~1) [21] to search for
a narrow H— pu peak in the invariant mass distribution (expected massutso ~ 2.5 GeV), as
shown in Fig. 8. With these data, cross sections for stansadkel Higgs boson production larger
than 9.8 times the standard model expectation can be ext(atley = 125 GeV and 95% CL).

3.2 Higgs Boson Properties

Mass As described in the previous paragraphs, thesHZZ — 4¢ and H— yy channels have
excellent mass resolution and show significant evidenceigdsiboson production at a mass of
approximately 125 GeV. These channels are therefore cadty both the ATLAS and CMS col-
laborations using all available data to give more precisasuements of the observed resonance.
In the ATLAS combination [22], a mass ofiy = 1255 + 0.2(stat. 82(8}/8’[.) GeV is measured.
The CMS mass measurement [23] yieldg = 1257 + 0.3(stat.)+ 0.3(syst.) GeV. The ATLAS
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Figure 8: Di-muon invariant mass in the-H
uu search [21].
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Figure 9: Higgs boson signal strength measurements frothéa}MS collaboration [23] and from
(b) the ATLAS collaboration [24].

Signal strength (p)

measurements give a mass difference between the two deeayels ofAmy = my, —my, =
2.3f8:‘75(stat.)i 0.6(syst.) GeV, corresponding to &2 deviation from the expected value of zero.

Signal Strength A summary of the observed signal strength= o /osyu for Higgs boson pro-
duction in the various decay channels is given in Fig. 9(aXtie CMS measurements [23] and
in Fig. 9(b) for the ATLAS measurements [24]. Combining acdy channels, the CMS collab-
oration findsu = 0.80+0.14 and the ATLAS collaboration findg = 1.304+0.20. Within the
uncertainties, all measurements are in agreement withtdnel@ad model expectation pf= 1.
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Figure 10: (a) Measured signal strength for Higgs boson ymtioh in various production and
decay modes, (b) measured Higgs boson coupling scale $g2t)r

X
ggF+tH

Spin and Parity To test whether the observed Higgs boson-like excess hasptheand parity
expected for a standard model Higgs bosdh=£ 0"), the data can be compared to models with
various spin-parity assumptions. The CMS collaboratiadube H— ZZ data to fully reconstruct
the decay angles [16]. From the various spin-parity contliina tested, the standard model value
JP = 0% is strongly favoured. The ATLAS collaboration used mubkiFate techniques to test the
JP = 0" assignment against a benchmdfk= 2+ model (commonly labeled as th¢, 2Znodel),
using a subset of H+ WW candidate events [25]. The& 2nodel is excluded at more than 95% CL,
independent of the fraction ofti2production from gluon-fusion or fromagannihilation. Similarly,
the ATLAS analysis of H- yy events prefers tha” = 0" assignment over;2[26]. The ATLAS
collaboration also combined tests of thieé= 0" versus 2, hypotheses in various decay channels
[27]. From this combination, thei2state is excluded at more than 99.9% CL.

Couplings The production modes of the Higgs boson depend either omimsouplings (asso-
ciated production, VBF) or fermionic couplings (gluonifus). The different search channels are
sensitive to both, as shown in Fig. 10(a), based on data fnemTLAS collaboration [24]. These
channels can be combined into a measurement on the ratiosoflmoproduction and fermionic
production piver vH / Hgg—H.tH = 1.2f8:g, constituting a more thand3evidence for VBF produc-
tion of Higgs bosons. The data can also be used to determaefactorsk for the coupling of the
Higgs boson to electroweak bosomg or to fermionskg. Given the current data, these couplings
are consistent with the expected value of one (Fig. 10(b)).

4. Summary

The collision data provided by the LHC to the ATLAS and CMS erxments so far have
allowed for many tests of the electroweak theory. The meamsents presented here are all con-
sistent with the theory, and are approaching a precisionpeoatle to previous experiments. In
the searches for the Higgs boson, the observation of a ssgpahdmy = 1255 GeV has been
established more firmly than before. The properties of treenked state are compatible with that
of a standard model Higgs boson, within the still ratherdangcertainties.
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