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Abstract

The WZ production cross section is measured by the CMS experiment at the CERN
LHC in proton-proton collision data samples corresponding to integrated luminosi-
ties of 4.9fb ! collected at /s = 7TeV, and 19.6fb™ ! at \/s = 8TeV. The mea-
surements are performed using the fully-leptonic WZ decay modes with electrons
and muons in the final state. The measured cross sections for 71 < my < 111 GeV
are c(pp — WZ; /s = 7TeV) = 20.14 + 1.32 (stat) + 0.38 (theo) £ 1.06 (exp) £
0.44 (lumi) pb and o(pp — WZ; /s = 8TeV) = 24.09 + 0.87 (stat) & 0.80 (theo) +
1.40 (exp) £ 0.63 (lumi) pb. Differential cross sections with respect to the Z boson pr,
the leading jet p1, and the number of jets are obtained using the /s = 8 TeV data. The
results are consistent with standard model predictions and constraints on anomalous
triple gauge couplings are obtained.
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1 Introduction

The measurement of the production of electroweak heavy vector boson pairs (diboson pro-
duction) in proton-proton collisions represents an important test of the standard model (SM)
description of electroweak and strong interactions at the TeV scale. Diboson production is sen-
sitive to the self-interactions between electroweak gauge bosons as predicted by the SU/(2)1 x
U(1)y gauge structure of electroweak interactions. Triple and quartic gauge couplings (TGCs
and QGCs) can be affected by new physics phenomena involving new particles at higher en-
ergy scales. The WZ cross section measured in this paper is sensitive to WWZ couplings, which
are non-zero in the SM. WZ production also represents an important background in several
searches for physics beyond the SM, such as the search for the SM Higgs boson [1]], searches for
new resonances [2, 3], or supersymmetry [4-7].
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Figure 1: Leading-order Feynman diagrams for WZ production in proton-proton collisions.
The three diagrams represent contributions from (left) s-channel through TGC, (middle) ¢-
channel, and (right) u-channel.

We present a study of WZ production in proton-proton collisions based on data recorded by
the CMS detector at the CERN LHC in 2011 and 2012, corresponding to integrated luminosities
of 4.9fb~! collected at /s = 7TeV, and 19.6 b~ ! collected at /s = 8TeV. The measurements
use purely leptonic final states in which the Z boson decays into a pair of electrons or muons,
and the W boson decays into a neutrino and an electron or a muon. At leading order (LO)
within the SM, WZ production in proton-proton collisions occurs through quark-antiquark
interactions in the s-, -, and u-channels, as illustrated by the Feynman diagrams shown in
Fig. (Il Among them, only the s-channel includes a TGC vertex. Our measured final states
also include contributions from diagrams where the Z boson is replaced with a virtual photon
(7*) and thus include W+* production. We refer to the final states as WZ production because
the Z contribution is dominant for the phase space of this measurement. Hadron collider WZ
production has been previously observed at both the Tevatron [8,9] and the LHC [10-15].

We first describe measurements of the inclusive WZ production cross section at both centre-of-
mass energies. The measurements are restricted to the phase space in which the invariant mass
of the two leptons from the Z boson decay lies within 20 GeV of the nominal Z boson mass [16].
Using the larger integrated luminosity collected at /s = 8 TeV, we also present measurements
of the differential cross section as a function of the Z boson transverse momentum pr, the num-
ber of jets produced in association with the WZ pair, and the pt of the leading associated jet.
The measurements involving jets are especially useful for probing the contribution of higher-
order QCD processes to the cross section.

Finally, we present a search for anomalous WWZ couplings based on a measurement of the
pr spectrum of the Z boson. The search is formulated both in the framework of anomalous
couplings and in an effective field theory approach.
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid with detection planes made using three technologies: drift tubes, cathode strip cham-
bers, and resistive-plate chambers. Extensive forward calorimetry complements the coverage
provided by the barrel and endcap detectors. The silicon tracker measures charged particles
within the pseudorapidity range || < 2.50. The ECAL provides coverage in || < 1.48 in a
barrel region and 1.48 < || < 3.00 in two endcap regions. Muons are measured in the range
7| < 2.40.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [17].

3 Simulated samples

Several Monte Carlo (MC) event generators are used to simulate signal and background pro-
cesses. The W(Z/~*) signal for mz,,~ > 12GeV is generated at LO with MADGRAPH 5.1 [18]
with up to two additional partons at matrix element level. The tt, tW, and qq — ZZ processes
are generated at next-to-leading order (NLO) with POWHEG 2.0 [19-21]. The gg — ZZ process
is simulated at leading order (one loop) with GG2zz [22]. Other background processes are gen-
erated at LO with MADGRAPH and include Z +jets, W * (with m,. < 12GeV), Zv as well as
processes with at least three bosons in the decay chain comprised of WZZ, ZZ7Z, WWZ, WWW,
ttW, ttZ, ttWW, tty and WW+y, collectively referred to as VVV. For the modeling of anoma-
lous triple gauge couplings (aTGCs), the NLO MCFM 6.3 [23] Monte Carlo program is used to
compute weights that are applied to the WZ signal sample generated with MADGRAPH. In
all samples, the parton-level events are interfaced with PYTHIA 6.426 [24] to describe parton
showering, hadronization, fragmentation, and the underlying event with the Z2* tune [25]. For
LO generators, the default set of parton distribution functions (PDFs) used is CTEQ6L1 [26],
while NLO CT10 [27] is used with NLO generators. For all processes, the detector response is
simulated with a detailed description of the CMS detector, based on the GEANT4 package [28]].
The event reconstruction is performed with the same algorithms as are used for data. The sim-
ulated samples include additional interactions per bunch crossing (pileup). Simulated events
are weighted so the pileup distribution in the simulation matches the one observed in data.

4 Event reconstruction and object identification

The measurement of the WZ — (v{¢'¢’ decay, where ¢, (' = e or y, relies on the effective identi-
fication of electrons and muons, and an accurate measurement of missing transverse momen-
tum. The lepton selection requirements used in this measurement are the same as those used
in the Higgs boson H — WW — £¢'vv measurement [1]]. The kinematic properties of the final-
state leptons in those two processes are very similar and the two measurements are affected by
similar sources of lepton backgrounds.

Events are required to be accepted by one of the following double-lepton triggers: two electrons
or two muons with transverse momentum thresholds of 17 GeV for the leading lepton, and
8 GeV for the trailing one. For the 8 TeV data sample, events are also accepted when an electron-



muon pair satisfies the same momentum criteria.

A particle-flow (PF) algorithm [29, 30] is used to reconstruct and identify each individual par-
ticle with an optimized combination of information from the various elements of the CMS
detector: clusters of energy deposits measured by the calorimeters, and charged-particle tracks
identified in the central tracking system and the muon detectors.

Electrons are reconstructed by combining information from the ECAL and tracker [31]. Their
identification relies on a multivariate regression technique that combines observables sensitive
to the amount of bremsstrahlung along the electron trajectory, the geometrical and momentum
matching between the electron trajectory in the tracker and the energy deposit in the calori-
meter, as well as the shower shape. Muons are reconstructed using information from both the
tracker and the muon spectrometer [32]. They must satisfy requirements on the number of hits
in the layers of the tracker and in the muon spectrometer, and on the quality of the full track fit.
All lepton candidates are required to be consistent with the primary vertex of the event, which
is chosen as the vertex with the highest Y p2 of its associated tracks. This criterion provides
the correct assignment for the primary vertex in more than 99% of both signal and background
events for the pileup distribution observed in data. Both electrons and muons are required to
have pr > 10GeV. Electrons (muons) must satisfy || < 2.5 (2.4).

Charged leptons from W and Z boson decays are mostly isolated from other final-state par-
ticles in the event. Consequently, the selected leptons are required to be isolated from other
activity in the event to reduce the backgrounds from hadrons that are misidentified as leptons
or from leptons produced in hadron decays when they occur inside or near hadronic jets. The
separation between two reconstructed objects in the detector is measured with the variable
AR = /(An)? + (Ap)?, where ¢ is the azimuthal angle. To measure the lepton isolation, we
consider a AR = 0.3 cone around the lepton candidate track direction at the event vertex. An
isolation variable is then built as the scalar pr sum of all PF objects consistent with the chosen
primary vertex, and contained within the cone. The contribution from the lepton candidate it-
self is excluded. For both electrons and muons a correction is applied to account for the energy
contribution in the isolation cone due to pileup. In the case of electrons, the average energy
density in the isolation cone due to pileup is determined event-by-event and is used to correct
the isolation variable [33]. For muons, the pileup contribution from neutral particles to the
isolation is estimated using charged particles associated with pileup interactions. This isola-
tion variable is required to be smaller than about 10% of the candidate lepton pt. The exact
threshold value depends on the lepton flavour and detector region, and also on the data taking
period: for 7 TeV data, it is 13% (9%) for electrons measured in the ECAL barrel (endcaps) and
12% for muons, while for 8 TeV data it is 15% for all electrons. For muons, a modified strategy
has been used for 8 TeV data to account for the higher pileup conditions in order to reduce
the dependence of this variable on the number of pileup interactions. It uses a multivariate
algorithm based on the pt sums of particles around the lepton candidates built for AR cones of
different sizes [1].

The lepton reconstruction and selection efficiencies and associated uncertainties are determined
using a tag-and-probe method with Z — ¢/ events [34] chosen using the same criteria in data
and simulation in several (pr,77) bins. Ratios of efficiencies from data and simulation are cal-
culated for each bin. To account for differences between data and simulation, the simulated
samples are reweighted by these ratios for each selected lepton in the event. The total uncer-
tainty for the lepton efficiencies, including effects from trigger, reconstruction, and selection
amounts to roughly 2% per lepton. The lepton selection criteria in the 7 and 8 TeV samples are
chosen to maintain a stable efficiency throughout each data sample.
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Jets are reconstructed from PF objects using the anti-kt clustering algorithm [35,36] with a size
parameter R of 0.5. The energy of photons is obtained from the ECAL measurement. The en-
ergy of electrons is determined from a combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with origination from
the electron track. The energy of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of their momentum
measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for
the response function of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected ECAL and HCAL energy. The jet mo-
mentum is determined as the vector sum of all particle momenta in the jet. A correction is
applied to jet energies to take into account the contribution from pileup. Jet energy corrections
are derived from the simulation, and are confirmed with in situ measurements with the energy
balance of dijet and photon + jet events [37]. The jet energy resolution amounts typically to
15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV. Additional selection criteria are applied to each
event to remove spurious jet-like features originating from isolated noise patterns in certain
HCAL regions.

The missing transverse momentum vector ps is defined as the negative vector sum of the
transverse momenta of all reconstructed particles in an event. Its magnitude is referred to as
Emiss

T8

5 Event selection and background estimates

We select WZ — (vl'¢ decays with W — (v and Z — ¢'¢/, where ¢ and ¢’ are electrons or
muons. These decays are characterized by a pair of same-flavour, opposite-charge, isolated
leptons with an invariant mass consistent with a Z boson, together with a third isolated lepton
and a significant amount of missing transverse energy ET'* associated with the escaping neu-
trino. We consider four different signatures corresponding to the flavour of the leptons in the
final state: eee, eey, eyp and ppp.

The four final states are treated independently for the cross section measurements and for the
search for anomalous couplings, and are combined only at the level of the final results. Unless
explicitly stated otherwise, identical selection criteria are applied to the 7 and 8 TeV samples.

Candidate events are triggered by requiring the presence of two electrons or two muons. In
the 8 TeV sample, events triggered by the presence of an electron and a muon are also accepted.
The trigger efficiency for signal-like events that pass the event selection is measured to be larger
than 99%. The candidate events are required to contain exactly three leptons matching all
selection criteria. In the 8 TeV analysis, the invariant mass of the three leptons is required to
be larger than 100 GeV. The Z boson candidates are built from two oppositely charged, same-
flavour, isolated leptons. The leading lepton is required to have pr > 20GeV. The Z boson
candidate invariant mass should lie within 20 GeV of the nominal Z boson mass: 71 < my, <
111 GeV. If two matching pairs are found, the Z boson candidate with the mass closest to the
nominal Z boson mass is selected. The remaining lepton is associated with the W boson and
is required to have pt > 20GeV and to be separated from both leptons in the Z boson decay
by AR > 0.1. Finally, to account for the escaping neutrino, ET** is required to be larger than
30GeV.

Background sources with three reconstructed leptons include events with prompt leptons pro-
duced at the primary vertex or leptons from displaced vertices, as well as jets.



The background contribution from nonprompt leptons, dominated by tt and Z+jets events in
which one of the three reconstructed leptons is misidentified, is estimated using a procedure
similar to Ref. [38]]. In this procedure, the amount of background in the signal region is esti-
mated using the yields observed in several mutually exclusive samples containing events that
did not satisfy some of the lepton selection requirements. The method uses the distinction be-
tween a loose and a tight lepton selection. The tight selection is identical to the one used in the
final selection, while some of the lepton identification requirements used in the final selection
are relaxed in the loose selection. The procedure starts from a sample, called the loose sam-
ple, with three leptons passing loose identification criteria and otherwise satisfying all other
requirements of the WZ selection. This sample receives contributions from events with three
prompt (p) leptons, two prompt leptons and one nonprompt (n) lepton, one prompt lepton
and two nonprompt leptons, and three nonprompt leptons. The event yield of the loose sam-
ple NiiL can thus be expressed as,

NLLL = Nppp + Nppn + Npnp + Nnpp + Mnnp + Nnpn + Npnn + Mnnn. (1)

In this expression, the first, second and third indices refer to the leading and subleading leptons
from the Z boson decay and to the lepton from the W boson decay, respectively. The loose
sample can be divided into subsamples depending on whether each of the three leptons passes
or fails the tight selection. The number of events in each subsample is labeled N;; with i, ], k =
T, F where T and F stand for leptons passing or failing the tight selection, respectively. The yield
in each of these subsamples can be expressed as a linear combination of the unknown yields
n“ﬁ’y ((X, ﬂ/ Y€ {p' n})r B

Ngp= Y ngwn“m, i,j,k=TF, @)

apy €{pn}

where the coefficients C;]g7 depend on the efficiencies € and €,, which stand for the probabili-
ties of prompt and nonprompt leptons, respectively, to pass the tight lepton selection provided
they have passed the loose selection. For example, starting from Eq. (I), the number of events
with all three leptons passing the tight selection Nttt can be written as

NTTT = Nppp€p, €p,€p; T Mppn€p; €py€n; + Mpnp€p, €ny€py
+ Nnpp€n, €p,€p; + Nnnp€n, €n,€p; + Nnpn€n; €p,€ng

+ Mpnn€p; €ny€ns + Mnnn€n; €ny€ny- (3)

The goal is to determine the number of events with three prompt leptons in the TTT sam-
ple, corresponding exactly to the selection used to perform the measurement. This yield is
Nppp€p, €p,€ps- The number of events with three prompt leptons in the loose sample, 1y, is
obtained by solving the set of linear equations (2).

Independent samples are used to measure the efficiencies €, and €, [38]. The prompt lepton
efficiency €, is obtained from a Z — /(¢ sample, while the nonprompt lepton efficiency e, is
measured using a quantum chromodynamics (QCD) multijet sample. Events in this sample are
triggered by a single lepton. The lepton selection used in these triggers is looser than the loose
lepton selection referred to earlier in this section. The leading jet in the event is required to be
well separated from the triggering lepton and have a transverse momentum larger than 50 GeV
for the 7 TeV data sample, and larger than 35(20) GeV for the 8 TeV sample if the triggering
lepton is an electron (muon). Events with leptons from Z decays are rejected by requiring
exactly one lepton in the final state. To reject events with leptons from W decays, both the
missing transverse energy and the W transverse mass are required to be less than 20 GeV. This
selection provides a clean sample to estimate the nonprompt lepton efficiency. Both efficiencies
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€p and €, are measured in several lepton (pr,7) bins. For 7TeV (8 TeV) data, the measured
nonprompt efficiencies for leptons are in the range 1-6% (1-10%), while they are in the range 1-
5% (7-20%) for muons. The measured prompt efficiencies lie between 60 and 95% for electrons,
and between 71 and 99% for muons for both the 7 and 8 TeV data samples.

The number of events with nonprompt leptons in each final state obtained with this method
is given in Table |1} While these results include the contribution of events with any number of
misidentified leptons, simulation studies show that the contribution from backgrounds with
two or three misidentified leptons, such as W+jets or QCD multijet processes, is negligible, so
the nonprompt lepton background is completely dominated by tt and Z+jets processes.

The remaining background is composed of events with three prompt leptons, such as the
ZZ — 2020 process in which one of the four final-state leptons has not been identified, as well
as processes with three or more heavy bosons in the final states (VV'V), and the W™ process,
with v* — ¢T¢~. These backgrounds are estimated from simulation. The relevant W+* pro-
cess is defined for low * masses, m,+ < 12GeV, so it does not overlap with the W-* process
included in the signal simulation and it is simulated separately. It is considered a background
since it does not fall in the fiducial phase space of the proposed measurement. Such W+* pro-
cesses would be accepted by the event selection only if the charged lepton from the W decay is
wrongly interpreted as coming from the Z/+* decay. The contribution of Z7 events in which
the photon is misidentified as a lepton is also determined from simulation. Prompt photons
will not contribute to a nonprompt lepton signal since photons and electrons have a similar
signature in the detector. Prompt photons in Zv events will also typically be isolated from
other final state particles.

We finally consider the contribution of WZ decays, in which either the W or Z boson decays
to a T lepton. Such decays are considered a background to the signal. Their contribution is
subtracted using the fraction of selected WZ decays that have 7 leptons in the final state. This
fraction, labeled f, is estimated from simulation for each of the four final states, and lies in
between 6.5 and 7.6%. This background is almost entirely composed of WZ events with W —
Tv decays where the T lepton subsequently decays into an electron or a muon.

After applying all selection criteria, 293 (1559) events are selected from the 7 (8) TeV data cor-
responding to an integrated luminosity of 4.9 (19.6) fb~'. The yields for each leptonic channel,
together with the expectations from MC simulation and data control samples are given in Ta-
ble[l] The inclusive distributions of the dilepton invariant mass 1, for both 7 and 8 TeV data
samples are shown in Fig.

6 Systematic uncertainties

Systematic uncertainties can be grouped into three categories: the determination of signal effi-
ciency, the estimation of background yields, and the luminosity measurement.

The first group includes uncertainties affecting the signal efficiency, referred to as €sig, which
accounts for both detector geometrical acceptance and reconstruction and selection efficiencies.
It is determined from simulation. Uncertainties on €5z depend on theoretical uncertainties in
the PDFs. The PDF uncertainty is evaluated following the prescription in Ref. [39] using the
CTEQG66 [26] PDF set. The uncertainties from normalization (yr) and factorization (yr) scales
are estimated by varying both scales independently in the range (0.5u0, 2y19) around their nom-
inal value yo = 0.5(Mz + My ) with the constraint 0.5 < ug/ur < 2. The signal efficiency Esig
is also affected by experimental uncertainties in the muon momentum scale and in the electron



Table 1: Expected and observed event yields at /s = 7 and 8 TeV. The contributions from tt,
Z+jets, and other processes with nonprompt leptons have been determined from data control
samples, as described in the text. Backgrounds with at least three bosons in the decay chain
comprised of WZZ, ZZZ, WWZ, WWW, ttW, ttZ, ttWW, tty and WW+ events, are referred to
as VVV. Combined statistical and systematic uncertainties are shown, except for the WZ signal
where only statistical uncertainties are shown.

Sample eee eey Hue UUU Total

Vs=7TeV;, L =49

Nonprompt leptons 22+2.1 1518 2457 1.8 173 7.9 TE0
77 20+03 35+05 27404 51+0.7 133+ 19
Zy 0 0 0.5+05 0 0.5+05
VVV 1.6 +£0.8 20+1.0 24+12 30£15 9.0 £45
Total background (Npkg) ~ 38+23 6.0+ 7] 8.0 31 9.9 77 30.7 7137
WZ 447+£05 498405 560+05 738+06 2243+1.1
Total expected 50.5 + 2.3 56.8 130 64.0 53 83.7 151 255 240
Data (Nops) 64 62 70 97 293

Vs =8TeV; L =19.6fb !

Nonprompt leptons 184 +127 320£21.0 544+33.0 6244377 167.1+£558
4 21+0.3 24+04 32+05 47 +0.7 123+ 1.0
Zy 34+13 04+04 52+18 0 91+22
Wey* 0 0 0 28+1.0 28+1.0
vvv 6.7 22 87128 11.6 = 3.8 148 £5.1 419+73
Total background (Npyg) 30.6 £13.0 435+21.2 7444333 847+381 2332+563
WZ 2111 £+£16 2621+18 346.7+21 4478+24 1267.7+4.0
Total expected 241.6 £13.1 3057 +21.3 421.0£33.3 5324 +382 1500.8+ 56.5
Data (Nops) 258 298 435 568 1559

energy scale, lepton reconstruction and identification efficiencies, ET* calibration scale, and
pileup contributions. The effect of the muon momentum scale is estimated by varying the mo-
mentum of each muon in the simulated signal sample within the momentum scale uncertainty,
which is 0.2% [32]. The same is done for electrons by varying the energy of reconstructed elec-
trons within the uncertainty of the energy scale measurement, which is pt and 7 dependent
and is typically below 1%. The signal efficiency esig also depends on the uncertainties in the
ratios of observed-to-simulated efficiencies of the lepton trigger, reconstruction, and identifica-
tion requirements. These ratios are used in the determination of €5 to account for efficiency
differences between data and simulation. They are varied within their uncertainties, which
depend on the lepton pr and 7 and are about 1%. The uncertainty from the EMs calibration is
determined by scaling up and down the energy of all objects used for the E™® determination
within their uncertainties. Finally, €siq is affected by the uncertainty in the pileup contribution.
Simulated events are reweighted to match the distribution of pileup interactions, which is esti-
mated using a procedure that extracts the pileup from the instantaneous bunch luminosity and
the total inelastic pp cross section. The weights applied to simulated events are changed by
varying this cross section by 5% uncertainty [40].

The second group comprises uncertainties in the background yield. The uncertainty in the
background from nonprompt leptons [38] is estimated by varying the leading jet pr thresh-
old used to select the control sample of misidentified leptons, since the energy of the leading
jet determines the composition of the sample. The uncertainties from other background pro-
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Figure 2: Distributions of the dilepton invariant mass m,, in the WZ candidate events in 7 TeV
(left) and 8 TeV (right) data. Points represent data and the shaded histograms represent the WZ
signal and the background processes. The contribution from nonprompt leptons, dominated by
the tt and Z+jets production, is obtained from data control samples. The contribution from all
other backgrounds, labeled ‘MC background’, as well as the signal contribution are determined
from simulation.

cesses, whose contributions are determined from simulation, are calculated by varying their
predicted cross sections within uncertainties. The cross sections are varied by 15% (14%) for
27,by 15% (7%) tor Zy, by 50% (50%) for the VV'V processes, and by 20% for W+ * for the 8 TeV
(7 TeV) measurements, based on the uncertainties of the measurements of these processes [41-
45].

Finally, the uncertainty in the measurement of the integrated luminosity is 2.2 (2.6)% for 7 (8) TeV
data [46]47].

A summary of all uncertainties is given in Table

7 Resulis

7.1 Inclusive cross section measurement

The inclusive WZ cross section o(pp — WZ + X) in the ¢v¢'¢’ final state is related to the
number of observed events in that final state, Ny, through the following expression,

o(pp > WZ+ X)BW = v) B(Z = ') = (1— fr) W,
s1g

where B(W — (v) and B(Z — ¢'{’) are the W and Z boson leptonic branching fractions per lep-

ton species, and fr accounts for the expected fraction of selected WZ — (v{'¢’ decays produced

through at least one prompt T decay in the final state after removing all other backgrounds. The

number of expected background events is Ny, and the number of signal events is determined

by subtracting Npyg from the observed data Nyps. The signal efficiency €sig accounts for both

detector geometrical acceptance and reconstruction and selection efficiencies. It is obtained for
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Table 2: Summary of relative uncertainties, in units of percent, in the WZ cross section mea-
surement at 7 and 8 TeV.

Source Vs =7TeV Vs =8TeV

eee eey pupe Upp eee eey Hpe UUU
Renorm. and fact. scales 1.3 13 13 1.3 30 3.0 30 3.0
PDFs 14 14 14 14 14 14 14 14
Pileup 03 05 10 06 02 04 03 02
Lepton and trigger efficiency 29 27 20 14 34 25 25 32
Muon momentum scale — 06 04 1.1 — 05 08 1.3
Electron energy scale 19 08 12 — 14 08 08 —
E%‘iss 37 34 43 37 15 15 16 12
ZZ cross section 05 09 06 09 01 01 01 01
Z7y cross section 00 00 01 0.0 02 00 02 0.0
tt and Z+jets 27 65 63 6.0 46 72 61 77
Other simulated backgrounds 02 02 09 02 10 11 11 1.0
Total systematic uncertainty 6.1 78 8.1 7.2 70 86 77 92
Statistical uncertainty 135 139 131 110 77 72 64 52

Integrated luminosity uncertainty 22 22 22 22 26 26 26 26

each of the four final states using the simulated WZ sample by calculating the ratio of the num-
ber of events passing the full selection to the number of generated WZ — (vl'¢’ events with
71 < mpp < 111 GeV, where my is the dilepton mass of the two leptons from the Z boson de-
cay prior to final state photon radiation. Only events decaying into the respective final state are
considered in both the numerator and denominator of this fraction. The resulting cross section
values are reported in Table 3| for the four leptonic channels. There is good agreement among
the four channels for both the 7 and 8 TeV data.

Table 3: Measured WZ cross section in the four leptonic channels at /s = 7 and 8 TeV.

Channel oc(pp = WZ; /s =7TeV) [pb]

eee 22.46 £ 3.12 (stat) = 0.43 (theo) &= 1.33 (exp) £ 0.49 (lumi)
eeu 19.04 + 2.75 (stat) £ 0.36(theo) £ 1.50 (exp) =+ 0.42 (lumi)
npe 19.13 £ 2.60 (stat) £ 0.37 (theo) £ 1.56 (exp) £ 0.42 (lumi)
UUU 20.36 £ 2.31 (stat) = 0.39 (theo) + 1.48 (exp) £ 0.45 (lumi)
Channel oc(pp — WZ; /s = 8TeV) [pb]

eee 24.80 £ 1.92 (stat) + 0.82(theo) + 1.53 (exp) £ 0.64 (lumi)
eeu 22.38 4 1.62 (stat) + 0.74(theo) £ 1.78 (exp) % 0.58 (lumi)
jpe 23.94 £+ 1.52 (stat) £ 0.79(theo) £ 1.66 (exp) = 0.62 (lumi)
Hup 24.93 £ 1.29 (stat) + 0.83(theo) £ 2.14 (exp) % 0.65 (lumi)

These four measurements are combined using the best linear unbiased estimator (BLUE) method [48]].
We have assumed full correlation for all uncertainties common to different channels. Combin-

ing the four leptonic channels, the total WZ cross section for 71 < mz < 111GeV, at 7 and

8 TeV, is measured to be

o(pp — WZ; /s =7TeV) = 20.14 + 1.32 (stat) 4 0.38 (theo) + 1.06 (exp) + 0.44 (lumi) pb.
o(pp — WZ; /s = 8TeV) = 24.09 4 0.87 (stat) & 0.80 (theo) + 1.40 (exp) + 0.63 (lumi) pb.

These results can be compared with recent calculations at NLO and next-to-next-to-leading
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order (NNLO) in QCD via MATRIX [49]. The NLO (NNLO) predictions are 17.72‘_?33‘;

(19.187172%) pb at 7 TeV, and 21.80734.¢ (23.68 = 1.8%) pb at 8 TeV, where uncertainties include
only scale variations. All these predictions are in agreement with the measured values within
uncertainties. The NLO predictions are slightly lower than the measured values, and a better
agreement is observed for the NNLO observations at both centre-of-mass energies. The ratios
of the inclusive cross sections for the individual and combined results to the NLO and NNLO

predictions are shown in Fig.

CMS 4.9 b (7 TeV) + 19.6 fb™ (8 TeV)
I I | I I I ] | I I I I | I I
eee 1.05 £ 0.11 .
8 TeV
eepn 0.95+0.11 _
NLO
HHp 1.05 + 0.11 4 N stat.
syst.
combined 1.02 + 0.08 4|
eee 1.17 + 0.18 e ]
cn099:017 | 77eV
NLO
10+016 NN
Hue NNLO
HU 1.06 + 0.15 | e ] Bl stat.
sSyst.
combined 1.05 + 0.09 | o ] B s
| | | | | | | | | | | | | | |
0.5 1 15

NNLO
O-WZ / O-WZ

Figure 3: Ratio of measured inclusive cross sections to NNLO predictions. The vertical gray
bands represent the theoretical uncertainties at 7 and 8 TeV.

The total WZ production cross sections for different centre-of-mass energies from the CMS [13]]

and ATLAS [10-12] experiments are compared to theoretical predictions calculated with MCFM (NLO)
and MATRIX (NNLO) in Fig. E} The theoretical predictions describe, within the uncertainties,

the energy dependence of the measured cross sections. The band around the theoretical predic-

tions in this figure reflects uncertainties generated by varying the factorization and renormal-
ization scales up and down by a factor of two and also the (PDF+ag) uncertainty of NNPDF3.0

for NLO predictions.

7.2 Differential cross section measurement

Using the larger available integrated luminosity in the 8 TeV sample, we measure the differen-
tial WZ cross sections as a function of three different observables: the Z boson pr, the number of
jets produced in association with the (v¢'¢’ final state, and the pr of the leading accompanying
jet. For the latter two measurements, the differential cross sections are defined for generated
jets built from all stable particles using the anti-kt algorithm [35] with a distance parameter of
0.5, but excluding the electrons, muons, and neutrinos from the W and Z boson decays. Jets
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Figure 4: The WZ total cross section as a function of the proton-proton centre-of-mass energy.
Results from the CMS and ATLAS experiments are compared to the predictions of MCFM and
MATRIX. The data uncertainties are statistical (inner bars) and statistical plus systematic added
in quadrature (outer bars). The uncertainties covered by the band around the theoretical pre-
dictions are described in the text. The theoretical predictions and the CMS 13 TeV cross section
are calculated for the Z boson mass window 60-120 GeV. The CMS 7 and 8 TeV cross sections
presented in this paper are calculated for the Z boson mass window 71-111GeV (estimated
correction factor 2%), while all ATLAS measurements are performed with the Z boson mass
window 66-116 GeV (1%).

are required to have pr > 30GeV and |y| < 2.5. They also must be separated from the charged
leptons from the W and Z boson decays by AR(jet,¢) > 0.5. The jets reconstructed from PF
candidates, clustered by the same algorithm, have to fulfill the same requirements.

To obtain the cross section in each bin, the background contribution is first subtracted from the
observed yield in each bin, in the same way as it was done for the inclusive cross section. The
measured signal spectra are then corrected for the detector effects. These include efficiencies as
well as bin-to-bin migrations due to finite resolution. Both effects are treated using the iterative
D’Agostini unfolding technique [50], as implemented in ROOUNFOLD [51], with 5 iterations.
The technique uses response matrices that relate the true distribution of an observable to the
observed distribution after including detector effects. The response matrices are obtained using
the signal MC sample for all four leptonic final states separately. The unfolded spectra are then
used to obtain differential cross sections for all four leptonic final states. The four channels are
combined bin-by-bin.

A few additional sources of systematic uncertainties need to be considered with respect to
those described in Section[p} The measurements involving jets are affected by the experimental
uncertainties in the jet energy scale and resolution. The effects on the response matrices are
studied by smearing and scaling the jet energies within their uncertainties. Furthermore, an
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uncertainty due to the limited size of the simulated sample used to build the response matri-
ces is also included. The unfolding procedure introduces statistical correlations between bins,
which range from a few percent up to 40% in a few cases. These correlations are taken into ac-
count together with correlated systematic uncertainties by using a generalization of the BLUE
method as described in Ref. [52]. The three measured differential cross sections are given in
Tables and [f] for each of the four final states, and the combined results are given in Table[7]
The combined differential cross sections are shown in Figs. [5|and [}

The differential cross sections are compared with the MCFM and MADGRAPH predictions. The
MADGRAPH spectra are normalized to the NLO cross section as predicted by MCFM.

CMS 19.6 fb™ (8 TeV
T
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= MadGraph
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(pb/GeV)
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Figure 5: Differential WZ cross section at /s = 8 TeV as a function of the Z boson transverse
momentum. The measurement is compared with MCFM and MADGRAPH predictions. The
MADGRAPH prediction is rescaled to the total NLO cross section as predicted by MCFM. The
error bands in the ratio plots indicate the relative errors on the data in each bin and contain
both statistical and systematic uncertainties.

7.3 Anomalous triple gauge couplings limits

Triple gauge boson couplings are a consequence of the non-Abelian nature of the SM elec-
troweak sector. Several extensions of the SM predict additional processes with multiple bosons
in the final state so any observed deviation of diboson production cross sections from their SM
predictions could be an early sign of new physics. The most general Lorentz invariant effective
Lagrangian that describes WWV couplings, where V = v or Z, has 14 independent parame-
ters [53, 54], seven for V = 7 and seven for V = Z. Assuming charge conjugation (C) and
parity (P) conservation, only six independent parameters remain. The effective Lagrangian,
normalized by the electroweak coupling, is given by:

L6 _ . v ip— it Ut o AV s
oy G W WV W VW) 4 ey W VI g W WV, (4)
where W=, = 9,W;" — ayWHi, Vi = 9,Vy — 9,Vy, and couplings gww, = —e and gwwz =

—e cot OBy, with Oy being the weak mixing angle. Assuming electromagnetic gauge invariance,
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Table 4: Differential WZ cross section as a function of the Z transverse momentum at /s =
8 TeV for the four leptonic final states. The first uncertainty is statistical, the second is system-
atic, and the third is the integrated luminosity.

Pt do/dpf [pb /GeV]
[GeV] eee eep Hpe UM
(163 £ 0.90 (93 + 6.8 (168 + 0.92 (201 £+ 1.00
0-20 + 022 + 13 + 021 + 0.20
+ 0.04) + 02) + 0.04) + 0.05)
%1071 x 102 %1071 x10~1
(39 + 14 (317 £+ 126 (276 + 1.18 (342 + 131
+ 05 + 0.39 + 0.62 + 0.57
20-40 + 0.1) + 0.08) + 0.07) + 0.09)
x1071 x1071 x1071 x1071
(314 + 125 (270 £ 1.16 (229 £+ 1.07 (282 £+ 1.19
40-60 + 0.60 + 043 + 048 + 0.56
B + 0.08) + 0.07) + 0.06) + 0.07)
x1071 x1071 x10~1 x1071
(169 + 0.92 (207 £+ 1.02 (231 £+ 1.07 (203 + 1.01
60-80 + 0.30 + 0.31 + 0.33 + 0.31
B + 0.04) + 0.05) + 0.06) + 0.05)
x1071 x1071 x 1071 x 1071
(127 £ 0.80 (1.02 + 071 (130 + 0.81 (125 + 0.79
80-100 + 023 + 0.17 + 0.25 + 021
a + 0.03) + 0.03) + 0.03) + 0.03)
%1071 x10~1 x1071 x10~1
(81 + 64 (276 + 3.72 (50 £ 5.0 (78 + 63
+ 22 + 155 + 14 + 14
100-120
+ 02) + 0.07) + 0.1) + 0.2)
x 102 x 1072 x 102 x 1072
(58 + 5.4 (62 £ 5.6 (312 £ 395 (41 £ 45
+ 09 + 0.8 + 1.13 1.2
120-140
+ 0.1) + 02) + 0.08) 0.1)
x 1072 x 102 x 102 x 1072
(107 £ 134 (1.09 £+ 135 (273 £ 213 (146 + 156
+ 0.58 + 0.62 + 0.56 + 0.53
140-200 + 0.03) + 0.03) + 0.07) + 0.04)
x 1072 x 1072 x 1072 x 1072
(3.66 + 6.05 (90 + 95 (74 £ 86 (58 + 7.6
+ 1.58 + 17 + 17 + 1.8
200-300 + 0.10) + 02) + 0.2) + 0.2)
x1073 x 1073 x1073 x1073
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Table 5: Differential WZ cross section as a function of the jet multiplicity at /s = 8 TeV for the
four leptonic final states. Notations are as in Table

I\]jets dU/ dI\Ijets [Pb]
eee eey uue UUU
16.60 + 4.07 15.68 + 3.96 1497 + 3.87 18.78 + 4.33
0jets + 1.04 + 1.03 + 0.93 + 1.11
+ 043 + 041 + 0.39 + 049
6.06 + 246 480 + 219 532 + 231 484 + 220
1jet + 048 + 0.57 + 0.61 + 0.72
+ 0.16 + 0.12 + 0.14 + 0.13
243 £+ 1.56 1.75 £+ 132 293 £ 171 154 + 124
2 jets + 034 + 032 + 0.26 + 0.32
+ 0.06 + 0.05 + 0.08 + 0.04
(78 i §739 045 £+ 0.67 042 + 0.65 079 + 0.89
3 jets N 0'2) + 0.17 + 021 + 0.26
><.10*2 + 0.01 + 0.01 + 0.02

Table 6: Differential WZ cross section as a function of the leading jet transverse momentum at
/s = 8TeV for the four leptonic final states. Notations are as in Table @

llf,-ading jet do_/dpll?adingjet [pb/GeV]
[GeV] eee eep pue UUU
(122 £+ 0.64 (111 £ o061 (110 £+ 0.61 (1.02 £+ 0.58
30-60 + 034 + 0.20 + 024 + 024
+ 0.03) + 0.03) + 0.03) + 0.03)
x10~1 x1071 x10~1 x1071
(54 £ 37 (43 + 33 (65 + 4.0 (63 + 4.0
+ 17 + 21 + 20 + 23
60-100 + 0.1) + 0.1) + 02) + 0.2)
%1072 x1072 %1072 x1072
(296 + 243 (326 + 255 (39 + 28 (244 £+ 221
+ 1.57 + 1.40 + 1.2 + 1.32
100-150 + 0.08) + 0.08) + 0.1) + 0.06)
x1072 x 1072 x1072 x1072
(118 + 1.09 (81 £ 9.0 (107 + 1.03 (1.00 £+ 1.00
+ 029 + 34 + 0.61 + 042
150-250 + 0.03) + 0.2) + 0.03) + 0.03)
x1072 x1073 x1072 %1072
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Table 7: Combined result for the differential WZ cross sections at /s = 8 TeV.

p% [GeV] do/ dp% [pb/GeV]

0-20 [1.48 + 0.40 (stat) + 0.17 (syst) £ 0.04 (lumi) ] x 10!
20-40 [3.47 & 0.60 (stat) 4= 0.50 (syst) £ 0.09 (lumi) ]x10~?
40-60 [2.56 + 0.54 (stat) 4 0.49 (syst) + 0.07 (lumi) ]x 107!
60-80 [2.10 & 0.47 (stat) 4= 0.30 (syst) £ 0.05 (lumi) ]x10~?
80-100 [1.20 + 0.37 (stat) & 0.21 (syst) + 0.03 (lumi) ] x 107!
100-120 [4.9 £+ 2.3 (stat) + 1.5 (syst) £+ 0.1 (lumi) ]x 1072
120-140 [5.0 £ 2.2 (stat) + 1.0 (syst) £+ 0.1 (lumi) ]x 1072
140-200 [1.34 + 0.73 (stat) + 0.57 (syst) £ 0.03 (lumi) ]x 102
200-300 [4.9 £ 3.6 (stat) + 1.6 (syst) £+ 0.1 (lumi) ]x1073
I\]jets dU/dZ\Ijets [pb]

0jets 16.15 4 1.95 (stat) &= 0.88 (syst) £ 0.42 (lumi)

1jet 527 £ 1.11 (stat) £ 0.52 (syst) &+ 0.14 (lumi)

2 jets 211 £ 0.69 (stat) £ 0.27 (syst) & 0.05 (lumi)

3 jets 0.196 £ 0.227 (stat) £ 0.102 (syst) £ 0.005 (lumi)

p};cadingjet [GeV]

do/dp "8 [pb /GeV]

30-60 [1.12 =+ 0.30 (stat) + 0.23 (syst) = 0.03 (lumi) ] x 10!
60-100 [5.5 + 1.8 (stat) & 1.9 (syst) £ 0.1 (lumi) ]x 102
100-150 [3.06 + 1.20 (stat) + 1.37 (syst) = 0.08 (lumi) ] x 102
150-250 [1.04 4 0.48 (stat) + 0.41 (syst) & 0.03 (lumi) [x 102
CMS 19.6 fo™ (8 TeV) CMS 19.6 fb* (8 TeV)
’; T T = F T T T T T ]
5 i - Data = S - Data 1
%é 10—1# = MadGraph — _{zf 10 - m MadGraph
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g - ——— 4 ,\E B ]
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s | 1 i ]
i ] w0 |
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Figure 6: Differential WZ cross section at y/s = 8 TeV as a function of: (left) the leading jet trans-
verse momentum; (right) the number of accompanying jets. The measurements are compared
with MADGRAPH predictions. The MADGRAPH prediction is rescaled to the total NLO cross
section as predicted by MCFM. The error bands in the ratio plots indicate the relative errors on
the data in each bin and contain both statistical and systematic uncertainties.
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ie. ¢ = 1, the remaining parameters that describe the WWV coupling are g%, kz, k,, Az and
Ay. Inthe SM Az = A, = 0 and ¢ = xz = x, = 1. The couplings are further reduced to three
independent parameters if one requires the Lagrangian to be SU(2);, x U(1)y invariant (“LEP
parameterization”) [55-57]:

Axz = AgF — Ak, tan By, A=A, = Az, (5)

where Akz = kz — 1, AgZ = ¢ —1and Ak, =k, — 1.

In this analysis we measure Axz, A, and Ag# from WZ production at 8 TeV. No form factor
scaling is used for aTGCs, as this allows us to provide results without the bias that can be
caused by the choice of the form factor energy dependence.

Another approach to the parametrization of anomalous couplings is through effective field
theory (EFT), with the higher-order operators added to the SM Lagrangian as follows:

00 (n)
"
Lerr = Lom+ ) Z ﬁol( . (6)

n=1

Here O; are the higher-order operators, the coefficients c; are dimensionless, and A is the mass
scale of new physics. Operators are suppressed if the accessible energy is low compared to the
mass scale. There are three CP-even operators that contribute to WWZ TGC, Owww, Ow, and
Og. For the case of ‘LEP parametrization” and no form factor scaling of aTGCs, the relations
between parameters in the aTGCs and EFT approaches are as follows:

2

7z _ my
8 =1 Hewyys,
2
m
=1 W
Ky + (ew +¢B) A2

"2
kz =1+ (cw —cp tan® Ow ) ﬁ,

3¢>miy
2A2

Az = Ay = cwww

The presence of anomalous triple gauge couplings would be manifested as an increased yield
of events, with the largest increase at high Z boson transverse momentum (p%). The expected
p% spectrum for some aTGC values is obtained by normalizing the MADGRAPH events to the
expected NLO SM cross section from MCFM, and then reweighting them to the expected cross
section for that particular aTGC scenario, as obtained with MCFM, based on the generated
value of p%. Samples for three 2D anomalous parameter grids are generated, A versus Ax%, A
versus AgZ, and Ax? versus AgZ, where the third parameter is set to its SM value. The expected
yield of the anomalous coupling signal in every p% bin is parametrized by a second-order poly-
nomial as a function of two aTGC parameters for every channel. The observed p% spectrum
is shown in Fig. [7] together with the expected spectra for a few different aTGC scenarios. A
simultaneous fit to the values of aTGCs is performed [58] in all four lepton channels. A profile
likelihood method, Wald gaussian approximation, and Wilks” theorem [59] are used to derive
1D and 2D limits at a 95% confidence level (CL) on each of the three aTGC parameters and
every combination of two aTGC parameters, respectively, while all other parameters are set to
their SM values. No significant deviation from the SM expectation is observed. Results can be

found in Tables[§and 9} and in Figs.[8}[9} and
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Limits on aTGC parameters were previously set by LEP [60], ATLAS [11} 14] and CMS [15].
LHC analyses using 8 TeV data are setting most stringent limits. Results in this paper show
sensitivity similar to the results given by the ATLAS Collaboration in the same channel [11].

Following the calculation in Ref. [61] we find the lowest incoming parton energy for which
observed limits on the coefficients would lead to unitarity violation (Table [10). Overall, for
charged aTGCs, we are in the region where unitarity is not violated.

Table 8: One-dimensional limits on the aTGC parameters at a 95% CL for WZ — (v’

Observed Expected
AxZ | [-0.21,0.25] [—0.29,0.30]
Ag% | [-0.018,0.035] [—0.028,0.040]
AZ | [-0.018,0.016] [—0.024,0.021]

Table 9: One-dimensional limits on the EFT parameters at a 95% CL for WZ — (vé'/’.

Observed [TeV 2] Expected [TeV~?]
cg/A? [—260,210] [—310, 300]
cw/A? [—4.2,8.0] [—6.8,9.2]
cwww /A2 [—4.6,4.2] [—6.1,5.6]

Table 10: Lowest incoming partons energy for which observed limits on the coefficients would
lead to unitarity violation.

Vs [TeV]
From observed limit on cg/ A% parameter 1.6
From observed limit on cyy / A? parameter 5.1
From observed limit on cwww /A2 parameter 4.3
19.6 fb (8 TeV) . CMS 19.6 fb (8 TeV)
> 800 T T T T ‘ ‘ T T ‘ T T T T — > 10 E T T T T ‘ ‘ T T ‘ T T T T B
8 - CMS ¢ Data , 8 ¢ Data wz 3
o L -~ WZ aTGC (AKZ = 0.6) o --- WZ aTGC (Ak” = 0.6) Nonprompt leptons
el S - WZ aTGC (ag? = -0.06) 1 ITe) -+ WZaTGC (ag; =-0.06) [ll MC background
& 600 oty WZaTGC (A =0.04) | > 10%F WZ aTGC (A =0.04) =
'E - I..T#T.‘I w2z | E === :::L"'.""E
g E Nonprompt leptons q>_) . ,,,,,,, .
w 4 | [l MC background g L B
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3 | E
i
200} — .
4 .'.::Z'.'.::E ---------
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Figure 7: Transverse momentum distribution of the Z boson candidates, in linear scale (left) and
log scale (right) for all channels combined. The SM WZ contribution (light orange) is normal-
ized to the predicted cross section from MCFM. Dashed lines correspond to aTGC expectations
with different parameter values. The last bin includes the integral of the tail.
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CMS 19.6 fb™X (8 TeV)

N@‘_' | T T T T { T T T T |
< - — — Expected 68% CL — — Expected 99% CL
L Expected 95% CL —— Observed 95% CL |
B 4+ Bestfit |
0.05r .
0 - |

_0 05 | I I I I | I I I I |
-0.5 0 0.5

Figure 8: Two-dimensional observed 95% CL limits and expected 68%, 95% and 99% CL limits
on anomalous coupling parameters Ax? and Ag%.

8 Summary

This paper reports measurements of the WZ inclusive cross section in proton-proton collisions
at /s = 7 and 8 TeV in the fully-leptonic WZ decay modes with electrons and muons in the fi-
nal state. The data samples correspond to integrated luminosities of 4.9 fb~! for the 7 TeV mea-
surement and 19.6fb™! for the 8 TeV measurement. The measured production cross sections
for 71 < myz < 111GeV are o(pp — WZ; /s = 7TeV) = 20.14 £+ 1.32 (stat) & 0.38 (theo) £
1.06 (exp) £ 0.44 (lumi) pb and c(pp — WZ; /s = 8 TeV) = 24.09 + 0.87 (stat) = 0.80 (theo) +
1.40 (exp) £ 0.63 (lumi) pb. These results are consistent with standard model predictions.

Using the data collected at /s = 8TeV, results on differential cross sections are also pre-
sented, and a search for anomalous WWZ couplings has been performed. The following one-
dimensional limits at 95% CL are obtained: —0.21 < Ax% < 0.25, —0.018 < Aglz < 0.035, and
—0.018 < A% < 0.016.
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Figure 9: Two-dimensional observed 95% CL limits and expected 68%, 95% and 99% CL limits
on anomalous coupling parameters AgZ and AZ.
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Figure 10: Two-dimensional observed 95% CL limits and expected 68%, 95% and 99% CL limits
on anomalous coupling parameters AxZ and AZ.
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