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Summary. — This paper is intended to give an overview of the ATLAS results on
the production cross sections of gauge boson pairs using data from pp collisions at
Vs =TTeV for Wr, Zy, WEWT, Z2Z W*Z and WV, where V = W or Z decay-
ing hadronically and /5 = 8 TeV for ZZ, W*WT W*Z and WEW* at the LHC
at CERN. The cross sections are found to be in agreement with the expectations
from the Standard Model within the estimated uncertainties. The production cross
section measurements also allow for studies of anomalous triple and quartic gauge
couplings for which 95% confidence limits are set.

PACS 14.70.-e — Gauge bosons.

1. — Introduction

Measurements of vector boson pair production provide excellent tests of the elec-
troweak sector of the Standard Model (SM). In the SM, triple gauge couplings (TGC) at
tree level are predicted only when there are charged bosons involved, while vertices with
all bosons neutral are forbidden. The TGC vertex is completely fixed by the electroweak
gauge structure and so a precise measurement of this vertex, through the analysis of
diboson production, is essential to test the high energy behavior of electroweak inter-
actions and to probe for possible new physics in the bosonic sector. The non-Abelian
gauge nature of the SM predicts, in addition to the TGCs, quartic gauge boson cou-
plings (QGC). The strength of the couplings is set by the universal gauge couplings of
the SU(2) local gauge symmetry. Any deviation from gauge constraints can cause a
significant enhancement in the production cross section at high diboson invariant mass
due to anomalous triple and quartic gauge boson couplings (aTGC and aQGC).

This note presents measurements of the diboson production cross sections in proton-
proton collisions and limits on aTGC and aQGC with the ATLAS experiment [1]. The fol-
lowing diboson pair final states were investigated: Wy, Zv, WEWT, ZZ W*Z WV (V =
W+, Z decaying to jets) and WEW*. A sample of integrated luminosity L = 4.6 fb~!
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Fig. 1. — Measured E7. differential cross sections of the pp — fvvy (left) and pp — €0 (right)
processes, using the combined electron and muon measurements by the inclusive (Njet > 0)
and exclusive (Nje¢ = 0) fiducial regions. The lower plots show the ratio of the data to the
predictions by different generators. The Monte Carlo uncertainties are shown only in the ratio
plots [2].

of 2011 data at a center-of-mass energy /s = 7TeV was used for all diboson pair final
states except the W*W= while L = 20.3fb~! of 2012 data at /s = 8 TeV was used for
ZZ WEWTF and WEW=*. The W*Z measurement used L = 13fb~! of 8§ TeV data. All
studies used the fully leptonic decay final states with Z — #¢ and W — (v, where { = e
or i, apart from WV where the V is required to decay to jets. The studies of Zv and
Z 7 channels also considered vvy and ¢lvv final states, respectively.

2. — W~ and Z~ cross section measurements

The diboson candidate events are selected from the production processes pp — fvy +
X, pp — Uy+ X and pp — vvy+ X. These final states include the production of W and
Z bosons in association with photons from: QED Final State Radiation off the charged
leptons, photons radiated from initial-state quarks, photons from the fragmentation of
secondary quarks and gluons, and photons radiated by W bosons [2].

Two sets of cross section measurements are performed, namely the inclusive and ex-
clusive, depending on the number of jets in the final state. The inclusive cross section
measurement refers to production with no restriction on the number of jets produced.
The exclusive measurement refers to events where no central jets with transverse en-
ergy Er > 30GeV are produced. Jets are reconstructed from energy observed in the
calorimeter cells using the anti-k; jet clustering algorithm [3].

The dominating background processes are Z-+jets, W+jets and v+jets but there are
also contributions from ¢¢ and WW. The systematic uncertainties on the cross sections
are dominated by effects coming from the photon identification, background subtraction
and jet energy scale uncertainties.

In fig. 1 the measured Ej. differential cross sections for pp — W~y — fvy (left) and
pp — Z~ — Ll (right) are shown for both the inclusive and exclusive measurements. It
is evident that the Alpgen and Sherpa generators describe the W~ and Z~ distributions
in data quite well for both topologies. The inclusive W+~ measurement is underestimated
by the MCFM generator. This is attributed to missing higher-order QCD contributions
beyond the available NLO prediction. On the other hand, for Zv the agreement is
quite good.
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TABLE 1. — Summary of fiducial production cross section of W-y, Z~ channels and comparison
with theoretical calculations at LO,NLO and NNLO.

LO (fb) NLO (fb) NNLO (fb) Measurement (fb)
O Gyt 850.7 + 0.2 1226.2 + 0.4 1305 + 3 1310 + 20(stat) £ 110(syst) = 50(lumi)
Wyt 906.3 £ 0.3 2065.2 % 0.9 2456 + 6 2770 + 30(stat) + 330(syst) + 140(lumi)

A new fully differential computation of radiative corrections at next-to-next-to-leading
order (NNLO) in QCD perturbation theory has become available since these analyses
were published and can be found in refs. [4,5]. Corrections are sizeable for the W~ case,
which can reach up to ~ 20% with respect to NLO calculations. Smaller corrections for
Z~ are reported. Table I summarizes the results for each case, where it is evident that
the measurement agrees better with the updated SM predictions at NNLO.

3. — WW cross section measurement

The WW — {vly signal is measured in final states with two oppositely charged
isolated leptons and large missing transverse energy [6,7]. Candidate WW events are
required to have no jets reconstructed in the final state because the background dominates
at higher jet multiplicities as can be seen in the left plot of fig. 2, where the reconstructed
jet multiplicity is shown for data and Monte Carlo simulation(MC).

Processes that can mimic the £0+ EZ7%* signal with no reconstructed jets are top-quark
production, when then event contains jets falling outside the acceptance and thus passing
the jet veto requirement, W+jets when a jet fakes a lepton (fake lepton), Drell-Yan with
mismeasured jets and diboson channels.

The measured total production cross section at /s = 7TeV is 51.9 & 2.0(stat.) +

3.9(syst.) & 2.0(lumi.) pb while the theoretical prediction gives 44.773:¢ ph. At /s =

8TeV the measured total cross section is 71.4 £ 1.2(stat.)fi:g(syst.)t§:?(lumi.) while

the SM prediction is 58.713:2 pb. The driving uncertainty on the measurement is the
systematic uncertainties associated with the jet veto requirement and the estimation of
backgrounds from “fake” leptons using data driven methods.

The right plot of fig. 2 summarizes the results of the WW analysis. The cross sections
measured in the individual channels as well as the combined cross section are shown and
compared to the SM prediction, which is obtained using the CT10 PDF set. As can
be seen, the individual channels are compatible within their uncertainties, however all
measurements lie above the SM prediction. The statistical significance of the observed
enhancement is 2.1 o for the ey channel, 1.1 o for the ee channel and 1.3 ¢ for the pu
topology.

Since this result was presented there has been an effort to improve the theoretical
calculations by computing NNLO corrections which can account for ~ 10% of the differ-
ence, while other calculations based on resummation of large logarithms that arise from a
jet-veto condition, provide further corrections. These results are reported in refs. [8-10].

4. - WZ and ZZ production cross section measurements

The analyses of W*Z boson pairs is performed in 3/ final states while the Z boson
pair production is performed in the 4¢ and 2¢2v final states [11-14]. In the ZZ to 202v
topology the analysis is performed only with the \/s = 7 TeV data sample.
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Fig. 2. — Left: Jet multiplicity distribution for ey events. The points represent data and the
stacked histograms are the MC predictions. Only statistical uncertainties are shown. Right:
Comparison between predicted WW production cross section at /s = 8 TeV using CT10 PDF
and the measured cross section in ee, pu,ep and combined channels. The yellow and green
shaded bands represent the PDF and total theoretical uncertainties respectively. The filled
symbols show the measured total cross section with the statistical and total uncertainty

The main sources of background to the W*Z — 3/v final state come from Z-+jets
and tt events, where the two leptons from the vector boson decays are accompanied by a
jet which is misidentified as a lepton. These backgrounds are estimated from data-driven
techniques. There is also a contribution from ZZ events in which one of the leptons falls
outside the acceptance of the detector and thus creates EJ**%. This source is estimated
from MC.

The 4/ final state is a very clean signature with small background contributions. These
mainly come from Z+jets and tt processes where the jets are misidentified as leptons and
are estimated with data-driven methods. The background is more significant in the 202v
final state and is a mixture of diboson, ¢f and Drell-Yan events.

The dominant uncertainty in the W Z cross section measurement is the systematic un-
certainty in the data driven background estimation. The ZZ measurement is dominated
by statistical uncertainties while the systematics are dominated by lepton identification
and resolution.

The results on the total production cross-section for both measurements at 7 and
8 TeV are presented in fig. 3 and compared to SM predictions. Overall good agreement
with the predictions from the SM is found.

5. — WW + W Z production cross section measurement

The production of a W boson decaying to ev or uv in association with a W or Z
boson decaying to two jets is studied using the data sample at /s = 7TeV [19].

Candidate WV — (vjj events are required to contain exactly one lepton, large missing
transverse momentum and exactly two jets. The selected events are accepted if they pass
a set of kinematic cuts chosen to enhance the signal-to-background ratio. The WW+W Z
signal yield is obtained by performing a binned maximum-likelihood fit to the dijet mass
(m;;) distribution using templates based on MC. The fit is performed on events in an
m;; range much larger than the range where the signal peaks, allowing the nearly signal-
free dijet regions to constrain the rate of the W + jets events, which are the largest
background.
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Fig. 3. — Measurements and theoretical predictions of the total WZ (left) and ZZ (right) pro-
duction cross section as a function of center-of-mass energy /s. Experimental measurements
from CDF [15,16] and DO [17] in pp collisions at the Tevatron at /s = 1.96 TeV and experi-
mental measurements from ATLAS in pp collisions at the LHC at /s = 7TeV and /s = 8 TeV
are shown. The blue dashed line shows the theoretical prediction for the WZ/ZZ produc-
tion cross section in pp collisions. The solid red line shows the theoretical prediction for the
W Z/ZZ production cross section in pp collisions. For the ZZ channel, the CMS [18] results are
also shown.
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Fig. 4. — Left: dijet invariant mass distributions after the likelihood fit for the combined electron
and muon topology final states. The error bars represent statistical uncertainties, and the
stacked histograms are the signal and background contributions. The lower panel displays the
ratio between the data and the total fit result, including both signal and backgrounds. The
hatched band shows the systematic uncertainty on the fitted signal plus background. Right:
dijet mass distribution of the background-subtracted data for the sum of the electron and muon
channels. The error bars represent the statistical error on the data.

Backgrounds, apart from the W + jets process, are the multi-jet, top and diboson
events. Multi-jet background, like the dominant W + jets, is estimated with data-driven
techniques, while the other two are estimated from MC.

The left plot of fig. 4 shows the dijet invariant mass distribution after the likelihood
fit for the combined electron and muon final states. The normalisations and shapes of
the histograms are obtained from the best fit to the data, after being allowed to vary
within their systematic uncertainties. Good overall agreement is seen between the data
and the total fit result. The dijet mass distribution of the background-subtracted data
for the sum of the electron and muon channels is shown on the right plot.
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Fig. 5. — The measured fiducial cross sections for the inclusive region (left) and the VBS region
(right) compared to the predicted SM fiducial cross section. The inner red error band represents
the statistical error and the end of the blue band defines the total error on each measurement.

The W/Z — jj resonance is observed with a 3.4 o significance while the measured
total production cross section is 68 & 7(stat.) £ 19(syst.), in good agreement with the
expectation from the SM which is 61.1 4+ 2.2.

6. — Same charge WW production cross section measurement

The scattering of W bosons accompanied by 2 jets (Vector Boson Scattering - VBS), is
a great tool to probe the nature of electroweak symmetry breaking. Assuming there were
no SM Higgs boson, the VBS amplitude would increase as a function of the center-of-mass
energy and would violate unitarity at energies around 1 TeV. The recent discovery of the
Higgs boson explains the mechanism that governs the Electroweak Symmetry Breaking
and unitarizes the VBS process. However many physics scenarios predict enhancements
in the VBS cross section above 1 TeV either from additional resonances or if the observed
SM-like Higgs boson only partially unitarizes the VBS. Additionally, there is no previous
evidence for a process involving a VVVV vertex [20].

The same charge WW + 2jets (ssWWjj) analysis proceeds through the leptonic final
state to electrons and/or muons. Two types of processes give rise to ssWWjj final
states. The first process, which includes VBS contributions, involves exclusively weak
interactions. The second process involves both strong and electroweak interactions and
is refered to as strong production.

The main backgrounds in this measurement are the W Z+2 jets and the W~y+2 jets. To
separate between strong and pure electroweak production a requirement on the dijet mass
above 500 GeV is applied. To enhance the VBS contribution, an additional requirement
on the rapidity difference between the two jets is applied as |Ay;;| > 2.4.

Results from the ssWWjj analysis are summarized in fig. 5 where the measured
fiducial cross sections are shown for the inclusive region (left) and the VBS region (right)
compared to the predicted SM cross sections. The combined significance over background
only hypothesis is 4.5 ¢ in the inclusive and 3.6 ¢ in the VBS region.

7. — Triple and quartic gauge couplings measurements

The non-Abelian nature of the electroweak sector of the SM predicts the self-
interaction of gauge bosons in the form of triple and quartic couplings. Searches for
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Fig. 6. — Top plots: Comparison of results from ATLAS, CMS, CDF, DO and LEP experiments
on limits on charged anomalous triple gauge couplings at 95% CL. Bottom plots: Comparison
of results from ATLAS, CMS, CDF, DO and LEP experiments on limits on neutral anomalous
triple gauge couplings at 95% CL [21].
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deviations from the SM can be parametrized in terms of anomalous triple and quartic
gauge couplings (aTGC and aQGC) using an effective lagrangian.

In fig. 6(a) summary of the limits set on the different aTGC parameters is shown along
with comparisons to other experiments. No deviations from the expected SM values is
observed in any channel.

The measurement of the VBS production cross section in the same charge WW + 2jets
channel allows for limits to be set on anomalous quartic couplings. Deviations from
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the predictions of the SM are parametrized in terms of parameters ay and as [20].
Figure 7 shows the limits on the (a4, a5) space. The observed 1-dimensional limit on cy
is [—0.139,0.157] and [—0.229,0.244] for 5. The expected limits are [—0.104,0.116] and
[—0.180,0.199] respectively.

8. — Conclusions

Measurements of the production cross sections of W~, Zy, W*W¥F, ZZ W*Z WV,
where V = W* or Z decaying to jets, and W*W have been performed with the ATLAS
detector at center-of-mass energies /s = 7TeV and 8 TeV. The total production cross
sections are compatible with the SM expectations within uncertainties. No evidence
for new physics is observed from the kinematic distributions of the diboson processes.
Limits on anomalous triple and quartic gauge couplings are set in all channels and values
of aTGC and aQGC parameters are well within the SM predictions.
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