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Various electroweak measurements have already been performed at ATLAS and CMS since
the start of the LHC. These allow for precision tests of the electroweak dynamics of the Stan-
dard Model, but also challenge next-to-next-to-leading-order predictions. Differences between
measurements and Standard Model predictions could prove evidence for new phenomena. A
review of the latest results in W/Z and diboson physics is given. These consist of the measure-
ment of the high-mass Drell-Yan differential and double-differential cross section, the study
of the transverse momentum of the Z/~* using the ¢;, variable and azimuthal correlations for
events where a Z boson is produced in association with jets. Various diboson measurements
are presented and measurements are in general found to be well described by the Standard
Model predictions. These measurements test the non-Abelian gauge structure and limits on
anomalous triple gauge couplings are derived, which are of impact comparable to the corre-
sponding LEP and Tevatron results.

1 Introduction

Precision measurements of Drell-Yan lepton-pair production in pp collisions with the ATLAS
and CMS - detectors at the LHC will be presented. Measurements of production cross sections
and associated angular correlations can provide unique insight into perturbative QCD in the
absence of colour flow between initial and final states, the V — A nature of the interactions,
as well as enhance the knowledge of parton distribution functions in the proton. It also is an
important source of Standard Model background for other processes; particularly interesting is
the search for new physics at high dilepton invariant mass.

Study of the production of a Z boson in association with jets provides a test of predictions
from perturbative QCD for a process that represents a substantial background to many physics
channels. Results are presented as a function of jet multiplicity, for inclusive and differential Z
boson production. The measurement of angular correlations between the Z and the ”leading”
jet (the one with the largest pr) is presented. The experimental results are corrected for detector
effects, and can be compared directly with QCD models.

Measurements of vector boson pair production provide excellent tests of the electroweak
sector of the Standard Model (SM). In the SM, Triple Gauge Couplings (TGC) are predicted
at tree level only with charged bosons, while neutral ones 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 interactions and to probe for possible new physics in the bosonic sector. Any
deviation from gauge constraints can cause a significant enhancement in the production cross
section at high diboson invariant mass due to anomalous triple gauge boson couplings (aTGC).
Due to the wealth of results only some details of these measurements can be highlighted here.



2 Drell-Yan production

At hadron colliders, the Drell-Yan (DY) process proceeds at tree-level via the s-channel ex-
change of a virtual photon or Z boson. Theoretical calculations of the differential cross section
do/dM;+,- and the double-differential cross section d2o/dM;+,-dY where My, (£ = e, ) is
the dilepton invariant mass, and Y is the absolute value of the dilepton rapidity, are currently
described by perturbative QCD (pQCD) calculations at next-to-next-to-leading order (NNLO).
With a simple signature benefiting from a relatively small background, experimental measure-
ments of these distributions therefore provide an excellent test of the predictions of pQCD within
the Standard Model. These measurements have also the potential to constrain the parton dis-
tribution functions (PDFSs), in particular for antiquarks at large x. In addition, DY lepton-pair
production is a major source of background for various physics analyses, such as ¢t and diboson
measurements, as well as for searches for new physics beyond the Standard Model, such as the
production of high-mass dilepton resonances.

The differential cross section for DY lepton-pair production has been reported by the ATLAS
and CMS ' collaborations. Using L = 4.9 fb~! of data from pp collisions at a centre-of-mass
energy of /s = 7 TeV, the invariant mass distribution of electron pairs from DY production
has been measured at ATLAS as illustrated in fig. 1 in the range 116 < mee < 1500 GeV, for
electrons with pp > 25 GeV and |n| < 2.5. The MC predictions are consistent with the shape of
the measured m,, distribution. The predictions of the FEWZ 3.1 " framework using five PDF
sets at NNLO have also been studied. The framework combines calculations at NNLO QCD
with NLO electroweak corrections, to which LO photon-induced corrections and real W and Z
emission in single-boson production have been added. The resulting predictions are consistent
with the measured differential cross section for all PDFs considered.

The differential and double-differential cross section d?c/dMdY in the dimuon channel have
been measured by CMS using L = 4.5 fb~! of data at Vs = 7 TeV. The measurements are
performed over the mass range 20 GeV to 1500 GeV and absolute dimuon rapidity from 0 to
2.4. The differential cross section measurements shown in fig. 1 (right), are normalized to the
Z-peak region (60 - 120 GeV) in order to reduce systematic uncertainties. The d%c/dMdY
measured in the dimuon bin [20,30] GeV is presented in fig. 2 (left) and is compared to the
POWHEG * NLO prediction calculated with CT10° PDFs and the NNLO theoretical predic-
tions as computed with FEWZ using the MSTW2008 * PDFs. Significant differences between
data, POWHEG NLO and FEWZ NNLO calculations are observed at low masses.

A measurement of angular correlations in Drell-Yan lepton pairs via the ¢, observable " is

presented in fig. 2 (right) using L = 4.6 fb~! of data at /s = 7 TeV with the ATLAS detector.
This variable ¢; probes the same physics as the Z /~* boson transverse momentum with a better
experimental resolution. The observable ¢; is defined as : ¢; = tan(@acop/2) sin(6;), where
Gacop = ™ — A¢p, A¢ being the azimuthal opening angle between the two leptons, and the angle
¢, is a measure of the scattering angle of the leptons with respect to the proton beam direction
in the rest frame of the dilepton system.
Normalised differential cross sections as a function of ¢, are measured separately for electron
and muon decay channels and are then combined for improved accuracy. The cross section is
also measured double differentially as a function of ¢;, for three independent bins of the Z boson
rapidity. The results are compared to QCD calculations and to predictions from different Monte
Carlo (MC) event generators. The data are reasonably well described by resummed QCD pre-
dictions combined with fixed-order perturbative QCD calculations. Some of the Monte Carlo
event generators are also able to describe the data. The measurement precision is typically
better by one order of magnitude than present theoretical uncertainties.

3 Z + jets production

The production of jets of particles in association with a Z boson at the LHC provides an impor-
tant test of perturbative quantum chromodynamics. Such events also constitute a non-negligible
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Figure 1: (Left) Measured differential cross section at the Born level with statistical and combined statistical

and systematic uncertainties, excluding the 3.9% uncertainty on the luminosity. The measurement is compared

to FEWZ 3.1 calculations at NNLO

(Right) The Drell-Yan invariant mass spectrum, normalized to the Z

resonance region, r = 1/o¢do/dM , as measured and as predicted by NNLO calculations, for the full phase
space. The vertical error bar indicates the experimental (statistical and systematic) uncertainties summed in
quadrature with the theory uncertainty resulting from the model-dependent kinematic distributions inside each

bin in the dimuon channel

o r ATLAS .
= L I o he] 10 = _
§0v07 [ CMSPreliminary, 45 b at\s =7 TeV, 20 < M < 30 GeV 3 _8 E J- Ldt=4.6 fb’1 E
o} L —e— Data (i, 4.5 fb in 2011) . = B
O sosb E 2 F ee'e Data2011 b
o F q © 1 |
g L D POWHEG+CTIONLO ] = E o u'u- Data 2011 3
~—0.05 7 C — 7

C D FEWZ+MSTW2008 NNLO 7 - RESBOS -
0.04F 3 107 = —
e ++4—"*+++ e B E \s=7TeV 3
Eo e 1 £ ]
003~ T E L mi<24 ]
C [ -

L E p 102 pf>20GeV =
002~ -~ 3 E 4 3
E o A C 66 GeV <m,, <116 GeV 7
001 o T BTN BT B
ob Lo b b b b b b 10 81_05; AL A B i‘ E
g 1F 9 r 55 # ]
S 1af (7} 4 83 .

e T S —— W 4F b33, 28 3 1
g EENLel il o o F T ¢ 1
e . S Rt ]
© oaf o r 1
°%0 02 04 06 08 1 12 14 16 18 22 24 T 095 ]
Dimuon Rapidity, |y| o F ]
09F -
ol Lol L Ll -

10° 102 107 1

Figure 2: (Left) The Drell-Yan rapidity-invariant mass spectrum in detector acceptance in the dimuon channel, as

measured and as predicted by NLO POWHEG+CT10 PDF and NNLO FEWZ+MSTW2008 PDF calculations.

The error bands in the ratio plot combine the statistical, systematic and the PDF uncertainties (Right)

The measured normalised differential cross section as a function of ¢ for Z/y* — eTe™ (closed dots) and

Z/y* — uTu~ (open dots) channels '’. The measurements are compared to ResBos ' predictions represented by
a line.
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Figure 3: Measured cross section for Z — ££ + jets as a function of the inclusive jet multiplicity (left) and the

distance in rapidity between the two leading jets for events with at least two jets with pr > 30 GeV and rapidity

ly| < 4.4 in the final state (right). The error bars indicate the statistical uncertainty on the data, and the hatched
(shaded) bands the statistical and systematic uncertainties on data (theory) added in quadrature

background for studies of the Higgs boson candidate and searches for new phenomena.
Measurements of the production of jets of particles in association with a Z boson '~ have been
preformed by ATLAS experiment using L = 4.6 fb~! of data at /s = 7 TeV. Inclusive and dif-
ferential jet cross sections in Z events, with Z decaying into e or u pairs, are measured for jets
with transverse momentum pp > 30 GeV and rapidity |y| < 4.4. The data have been unfolded
to the particle level and compared with predictions from ALPGEN '~ interfaced to HERWIG ',
Sherpa ° and MC@QNLO '° generators and with fixed-order calculations from BLACKHAT
interfaced to Sherpa. Cross sections as a function of the inclusive and exclusive jet multiplici-
ties and their ratios have been compared, as well as differential cross sections as a function of
transverse momenta and rapidity of the jets and angular separation between the leading jets as
shown in fig. 3. In general, the predictions of the matrix element plus parton shower generators
and the fixed-order calculations are consistent with the measured values over a large kinematic
range. MCQ@NLO fails to model higher jet multiplicities.

The measurement of angular correlations '~ between the Z and the ”leading” jet (the one with
the largest pr ), are based on data corresponding to L = 4.6 fb~! collected with the CMS detec-
tor at /s = 7TeV. Figure 4 (left) shows the distributions for Z — uu candidate events in data,
compared with expectations from simulated signal and background contributions using MAD-
GRAPH ' simulations normalized to the integrated luminosity of the data, as a function of asso-
ciated jet multiplicity Njets. Azimuthal correlations among the Z boson and the accompanying
jets A®(Z, jets) are measured as functions of inclusive jet multiplicity (Njets > 1,> 2,and > 3) as
shown in fig. 4 (right). The dominant sources of systematic uncertainty arise from uncertainties
in jet-energy scale, resolution of jet pp, background subtraction, and the unfolding procedure.
Overall, the measured distributions are in agreement within uncertainties with the predictions
from MADGRAPH. The predictions from SHERPA underestimate the measured distributions
by about 10% whereas POWHEG predictions overestimate by about 10%. The disagreements
with SHERPA and POWHEG become less pronounced at larger inclusive jet multiplicities.
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Figure 4: Distribution for Z — pp candidate events in data, compared with expectations from simulated signal

and background contributions using MADGRAPH simulations normalized to the integrated luminosity of the

data, as a function of associated jet multiplicity Njets (left). Normalized A®(Z, jets) distributions for the leading
jet in the inclusive jet-multiplicity bins (Njets > 1,> 2,and > 3) (right) '°.

4 Diboson production and Triple Gauge Couplings measurements

The measurements of the diboson production cross sections and limits on aTGC were investi-
gated by both ATLAS ans CMS experiments in the final states: W~, Zy, WW,ZZ and WZ
using 2011 data at a center-of-mass energy /s = 7 TeV and 2012 data at /s = 8 TeV. In the
following, only the latest results prepared for this conference on WZ“ and ZZ*' analyses with
8 TeV data are reported.

4.1 ZZ cross section measurement

The analysis of Z boson pair production is performed in the 4/ channel using L = 20.3 fb! of
2012 data at /s = 8 TeV with the ATLAS detector. The signature comprises of four isolated
leptons with pr above 7GeV and the invariant mass of each reconstructed lepton pair is required
to be in the mass window [66,116] GeV. The 4i final state is a very clean signature with small
background contributions. These mainly come from Z-jets and tf processes where the jets
are misidentified as leptons and they are estimated with data-driven methods. In the left plot
of fig. 5 the mass of the leading lepton pair versus the mass of the sub-leading lepton pair,
is given. After all event selections are applied, the observed yield in the 4/ final state is 305
events with a background expectation of 20.4 4+ 2.9(stat.) = 5.0(syst.). The total cross section is
7.1155 (stat.)+0.3(syst.)+0.2(lumi.) pb which is consistent with the Standard Model expectation
of 7.2if8:§ pb. Figure 5 (right) shows measurements of the total ZZ production cross section
as a function of center-of-mass energy, from the ATLAS and the CMS experiments, and from
the CDF and DO experiments at the Tevatron, as well as the theoretical predictions.

4.2 W Z cross section measurement

The analysis of WZ production is performed with 3lv final states using L = 13 fb=! of 2012
data at /s = 8 TeV with the ATLAS detector. The signature of these topologies is 3 high-pr
isolated leptons with pp > 15,15,20 GeV for the two leptons from Z and the one from the W
respectively, and E%”SS > 25 GeV.
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Figure 5: Left: The mass of the leading lepton pair versus the mass of the sub-leading lepton pair. The events
observed in data are shown as solid circles and the ZZ* — [lil signal prediction from simulation as boxes. The size
of each box is proportional to the number of events in each bin. The region enclosed by the solid (dashed) lines
indicates the signal region defined by the requirements on the lepton-pair masses for ZZ (ZZ*) events. Right:
Measurements and theoretical predictions of the total ZZ production cross section as a function of center-of-mass
energy +/s. Experimental measurements from CDF and DO in pp collisions at the Tevatron at 1/s = 1.96 TeV, and
experimental measurements from ATLAS and CMS 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 ZZ production cross section in pp collisions.
The solid red line shows the theoretical prediction for the ZZ production cross section in pp collisions

Main sources of background are the Z+jets and ¢t events where the two leptons from the vec-
tor 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 background
events where one lepton falls outside the acceptance of the detector and thus creates E}”iss.
This source is estimated from MC. In fig. 6 (left), the B is shown. The presence of three
leptons in the final state and the requirement of a tight invariant mass window for the Z leptons
around the Z pole (Jmz —mppa| < 10 GeV) suppresses significantly the background. Imposing
stricter selection criteria for the W lepton with respect to the leptons coming from the Z boson,
suppresses the background coming from Z-jets and ¢t even further. Given the selection require-
ments, the total number of observed events is 1094 with a background expectation of 277 + 26
events. The measured total production cross section is 20.3f8:§(stat.)ﬂ:f(syst.)fgjg(lumi.) pb
while the expectation from SM is 20.3 & 0.8 pb. Figure 6 (right) shows measurements of the
total W Z production cross section as a function of center-of-mass energy, from the ATLAS
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Figure 6: Left: Data and MC comparison of the E7*¢ distribution in trilepton events before applying the

Emss requirement. Right: Measurements and theoretical predictions of the total ZZ production cross section

as a function of center-of-mass energy 1/s. Experimental measurements from CDF and DO in pp collisions at

the Tevatron at /s = 1.96 TeV, and experimental measurements from ATLAS in pp collisions at the LHC

at v/s = 7TeV and /s = 8 TeV are shown. The blue dashed line shows the theoretical prediction for the WZ

production cross section in pp collisions. The solid red line shows the theoretical prediction for the W Z production
cross section in pp collisions



Table 1: List of TGC parameters that enter in the effective Lagrangian for each diboson process.

interaction parameters channel
WW~y Avyy ARy WW, Wry
WWZ Az, Akz,Ag?  WW, WZ
Z 7 hZ hZ Zry
Zyy hg, hy Zy
427 i, [ 77
N7 fios 50 77

CMS Preliminary Vs = 7 TeV, L = 4.92 fo*

£ —e— Data
O350 [t — Best fit
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Figure 7: Leading lepton pr distribution in W W channel, in data overlaid with predictions from the simulation
with large anomalous couplings

experiment, and from the CDF and DO experiments at the Tevatron, as well as the theoretical
predictions.

4.8 Triple Gauge Couplings measurements

The effect of aT'GC is modelled using an effective Lagrangian which depends on the parame-
ters “>°” shown in table 1. If aTGCs exist they are expected to modify the production rates and
kinematics of the processes which would manifest as enhanced production cross sections at high
invariant mass and high-pr as illustrated in figs. 7. Neutral aT'GC are not allowed in the SM
which predicts all parameters to be zero except for the charged aTGC parameters g} and k"
which are 1. In figs. 8 a summary of the limits set on the different aTGC parameters is shown
along with comparisons to other experiments. These limits are set by the W~, W Z and WW
and ZZ analyses described before. No deviation from the expected SM values is observed in
any channel. TGC limits from WW analyses approach the precision of the combined limits
from LEP experiments. Because of the higher energy and production cross section at the LHC,
limits are better than the Tevatron. Limits from ZZ analyses are significantly tighter than the
LEP and DO experiments.

5 Summary

Results are presented for the measurements of the differential and double differential Drell-Yan
cross section using the proton-proton collision data recorded with the ATLAS and CMS detectors
at the LHC at /s = 7 TeV. The measurements are compared to the predictions of perturbative
QCD calculations at next-to-leading and next-to-next-to-leading order using various sets of
parton distribution functions. Measurements of the production of jets of particles in association
with a Z boson are presented. The data have been unfolded to the particle level and compared
with predictions from different Monte Carlo generators implementing leading-order and next-to-
leading order matrix elements supplemented by parton showers. Measurements of diboson cross
sections have been performed with the ATLAS and CMS detectors at center-of-mass energy
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Figure 8: Left: 95% CL intervals for anomalous couplings from ATLAS, CMS, DO and LEP for the charged aTGCs

Ak~ and Ay and AgZ. The ATLAS and CMS results from W~, WW and W Z production are shown. The LEP

charged aTGCs results were obtained from WW production, which is also sensitive to the WW Z couplings. The

combined aTGC results from DO were obtained from WW + WZ — lvjj, WW + WZ — wll, Wy — lvy and

WW — lvlv events. Except for the coupling under study, all other anomalous couplings are set to zero. Right:

Neutral Anomalous TGC 95% confidence intervals from ATLAS and CMS experiments using ZZ events. The
integrated luminosities are shown

Vs = 7TeV with 2011 LHC data and at /s = 8 TeV with 2012 data. 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 gauge couplings are set in all channels and values of aTGC parameters are well
within the SM predictions.
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