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Abstract
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1 Introduction

The study of diboson production in proton-proton collisions represents an important test of the
standard model (SM) because of its sensitivity to the self-interaction between gauge bosons via
trilinear gauge couplings (TGC). These couplings are a direct consequence of the non-Abelian
SU(2) x U(1) gauge symmetry of the SM and are a necessary ingredient to construct renor-
malizable theories with massive gauge bosons. In the SM, two processes contribute to WZ
production in hadron collisions at leading order in &5, and both involve an incoming quark
and antiquark: the W and Z bosons can be directly radiated from the initial incoming quark
and antiquark (f and u channel), or the Z boson can be radiated from a W boson produced
through quark-antiquark annihilation (s channel) through the WWZ vertex. WZ production
has been previously observed in hadron collisions at the Tevatron [1, 2], and at the LHC by
both ATLAS [3, 4] and CMS [5].

This note presents measurements of the WZ production cross section using data collected in
2011 and 2012 by the Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider
(LHC) at center of mass energies of 7 TeV and 8 TeV. The data correspond to integrated lumi-
nosities of 4.9 fb ! at 7 TeV and 19.6 fb~' at 8 TeV. The purely leptonic final states containing
electrons and muons are used in these measurements. Beyond the standard model (BSM) sig-
nals decaying via WZ to final states with electrons and muons have already been searched for
using this data[6]. The results presented in this note supersede the previous CMS measure-
ment [5], which was based on 1.09 fb! of data collected at Vs = 7 TeV. Besides using more
data, these measurements represent an improvement over that first measurement by using im-
proved lepton identification and by following a more general approach in the determination of
the fake lepton background.

2 Data samples and simulation

A detailed description of the CMS detector can be found elsewhere [7]. The layout comprises a
superconducting solenoid providing a uniform magnetic field of 3.8 T. The bore of the solenoid
is instrumented with various particle detection systems. The inner tracking system is com-
posed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm and a silicon
strip tracker with 10 barrel detection layers extending outwards to a radius of 1.1 m. Each
system is completed by two end caps, extending the acceptance up to || < 2.5. A lead
tungstate crystal electromagnetic calorimeter (ECAL) with fine transverse (A, A¢p) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |77| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |#| < 2.4. The barrel region is covered
by drift tube chambers (DT) and the end cap region by cathode strip chambers (CSC), each
complemented by resistive plate chambers (RPC).

Events for these measurements are selected using triggers which require the presence of two
leptons, be it electrons or muons. For the analysis of 7 TeV data only double electron or double
muons triggers are used, while triggers requiring the presence of an electron and a muon are
also used for the analysis of 8 TeV data.

A number of Monte Carlo event generators are used to simulate the signal and backgrounds.
The WZ signal, W+jets, Z+jets, tt, WW, Z+ processes are generated using the MADGRAPH [8]
event generator. The W+jets process has been found not to contribute to the selected event sam-
ple in this measurement and will therefore not be further discussed. The POWHEG program [9]
was used to generate ZZ processes. For leading-order generators, the default set of parton dis-
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tribution functions (PDF) used to produce these samples is CTEQ6L [10], while CT10 [11] is used
for next-to-leading order generators. NLO calculations are used for background cross sections.
For all processes, the detector response is simulated using a detailed description of the CMS
detector, based on the GEANT4 package [12].

The simulated samples are reweighted in order to reproduce the distribution of the number of
pp interactions per bunch crossing (pile-up) observed in data.

3 Event selection

The fully leptonic WZ final states are studied, considering the four final states with electrons
and muons: eee, eey, ppe and ppp. This measurement relies therefore on a good identification
of electrons and muons, and on a good measurement of the missing transverse energy.

3.1 Lepton identification

Muon candidates [13] are identified using a selection close to the one described in Ref. [14],
while electron candidates are selected in the same way as in the H - WTW~ — {v/v analy-
ses, using a multivariate approach, which exploits correlations between the selection variables
described in [15] to improve identification performance. The lepton candidates are required to
be compatible with the primary vertex of the event, which is chosen as the vertex with highest
Y p% 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 pile-up distribution
observed in the data.

Leptons from W and Z decays will tend to be isolated from other particles in the event, while
hadrons misidentified as leptons or leptons from heavy quark decays will usually be close to a
jet. Requiring leptons to be isolated from other final state particles is therefore a powerful way
to discriminate against such background leptons and several isolation variables are defined to
achieve this. For each lepton candidate, a cone is constructed around the track direction at the
event vertex. The scalar sum of the transverse energy of each reconstructed particle [16] com-
patible with the chosen primary vertex and contained within the cone is calculated excluding
the contribution from the lepton candidate itself. If this sum exceeds approximately 10% of the
candidate pr the lepton is rejected — the exact requirement depending on the lepton #, pr and
flavor. Lepton reconstruction, identification and isolation efficiencies are measured directly in
data using the “Tag-and-Probe” method [17]. The measured energy in the cone is corrected for
the contribution from pile-up events.

Neutrinos from leptonic W boson decays do not interact with the detector and result in a sig-
nificant missing transverse energy, EMsS, in the event. The ETS in these analyses is calculated
with the particle-flow method [18]. The algorithm combines information from the tracking
system, the muon chambers, and from all the calorimetry to classify reconstructed objects ac-
cording to their particle type (electron, muon, photon, charged or neutral hadron). This allows
precise corrections to particle energies and also provides a significant degree of redundancy,
which renders the XS measurement less sensitive to calorimetry miscalibration. The ES is
computed as the magnitude of the negative vector sum of transverse energies of all particle-
flow objects.

3.2 Analysis selection

The WZ — 3/ decay is characterized by a pair of same-flavor, opposite-charge, isolated leptons
with an invariant mass corresponding to a Z boson, together with a third isolated lepton and



a significant amount of missing transverse energy associated to the escaping neutrino. The
same selection has essentially been applied to the 2011 and 2012 datasets. Differences will be
indicated where present.

Candidate events are required to have fired a di-electron or di-muon trigger for final states
with Z decaying into electrons or muons, respectively. In the 8 TeV analysis events that have
tired the electron-muon trigger are also accepted. The leptons used to reconstruct the Z decay
must satisfy the trigger requirements. Selected events are required to contain only 3 leptons,
electrons or muons, matching all selection criteria.

Z candidates are built from two opposite-sign same-flavour leptons passing the electron or
muon identification criteria. The leading and second leading lepton are required to have pr >
20 GeV and pt > 10 GeV, respectively. The Z candidate invariant mass should lie within 20
GeV of the nominal Z mass. In case several matching pairs are found, the Z candidate with
the mass closest to the nominal Z mass is selected. The remaining lepton is associated to the
W boson decay. It is required to have pr > 20 GeV. Finally, the missing transverse energy
in the event is required to be larger than 30 GeV to select W boson decays. This requirement
discriminates against jets faking leptons or photon conversions from Z+jets or Z+y events.

4 Background determination

The background sources come from events with three leptons, genuine or fake, and can be
grouped into three classes: non-peaking background, Z+fake lepton background, and Z+prompt
lepton background. Examples of non-peaking backgrounds are tt, QCD multijet, and W+jets
production; all but the first of these can be neglected in this analysis. Z+fake lepton back-
grounds are the most important for the WZ — 3/ process; they include fake or non-isolated
leptons from jets (including heavy quark jets) or photons. Z+prompt lepton backgrounds orig-
inate primarily from the ZZ — 4/ process, where one of the four leptons is lost; it is irreducible
but small due to the reduced ZZ production cross section.

4.1 Determination of the fake lepton background
4.1.1 Method description

To estimate the fake lepton background, we follow the general fakeable object method used
in [14]. The method uses the definition of a looser lepton identification, in which some of the
lepton identification requirements used in the final lepton selection are relaxed. We distinguish
lepton categories according to their real origin:

e prompt leptons: they are real leptons originating from heavy boson decays. They are
usually isolated from other particles in the event.

o fake leptons: they are leptons in jets or hadrons misidentified as leptons.

In the following, we will use the index j (for jets) to denominate fake leptons, while we use
the index /¢ (for leptons) to denominate prompt leptons, and we order the 3 leptons in the WZ
final state: W lepton, Z leading lepton and Z trailing lepton. The final sample has contributions
from the following event categories:

o (ll: the three leptons originate from prompt leptons. Real signal (WZ) events will
contribute to this category, as well as irreducible backgrounds with 3 prompt lep-
tons, mostly from ZZ.

e jll: this category is mostly composed of Z+jets and tt events, in which the two Z
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leptons are prompt leptons, while the lepton associated to the W decay is a fake
lepton.

e /lj and /jl: this category is again composed of tt and Z+jets events, in which one

of the two Z leptons is combined with a fake lepton to form a Z, while the other Z
lepton can be associated to the W decay.

may contribute to this category: W+jets, Z+jets (in which one or both leptons are
lost), tt (with fully hadronic top decays), or QCD. Their contribution to the total
selected yield can however be neglected.

Given some loose lepton selection, we furthermore distinguish leptons passing or failing a
tighter selection. We define then the following probabilities:

e ¢; is the probability for a prompt lepton that passed the loose selection for the i-th
lepton to also pass the tight selection;
e p;is the probability for a fake lepton that passed the loose selection for the i-th lepton
to also pass the tight selection.
where the meaning of the index i is:
e i =1: Wlepton;
e i = 2: Zleading lepton;
e i = 3: Z trailing lepton.
We start from a sample in which all three leptons are passing the loose selection. This sample
can be decomposed in different contributions according to the origin of the selected leptons:

Nire = ngpe + ngg + ngje + ngjj + njee + njoj + njje + njj @

This sample can then be split in subsamples depending on whether each of the three leptons
passes or fails the tight cut. The number of events in each subsample is labeled N;j with
i,j,k = T,F where T indicates leptons passing the tight selection and F stands for leptons
failing the tight selection. The number of events in each category can be expressed as the
function of the fake rates and efficiencies p; and €;. For instance, the number of events with 3
leptons passing the tight lepton selection can be written as:

Nrrr = o €1€2€3 + Nyyi€1€2P3 + 1yj€1P2€3 + 1yji€1P2P3 @)
+  Njup1€2€3 + njgjp1€2p3 + NjjeP1pP2€3 + Njjjp1p2p3

Expressions for event yields Nrrr, Ntrr, Ntrr, NrrT, Nrrr, Nrrr can be obtained in a similar
way, resulting in a set of linear equations. The number of signal events, i.e., events with three



4.2 Other backgrounds 5

prompt leptons, can be then extracted by solving this set of equations:

1
M T e —p)(er— pa)(es — pa)
[ Nrrr(1—p1)(1—p2)(1 — p3)
—Nrre(1—p1)(1—p2)( p3)
—Nrpr(1=p1)( p2)(1—ps)
+Nrer(1—p1)( p2)( p3)
—Nrrr( p1)(1—p2)(1 — p3)
+Nrre( p1)(1—p2)( p3)
+Nrer( p1)( p2)(1—p3)
—Nere( p1)( p2)( p3)] (©)

The coefficients for the numbers of events in each category Njj in equation (3) define the
weights to be applied to each event depending on the category to which it belongs. The fake
rate and efficiencies p; and ¢; are determined from independent samples. In the following
subsections, we define the loose and tight selections for electrons and muons, we describe the
determination of the fake rates and efficiencies, and we present the results of the method ap-
plication to the WZ analysis.

4.1.2 Loose and tight lepton definition

The loose leptons are defined with the same criteria as in the main analysis, but by relaxing
some of the selection requirements described in Section 3.1. For muons, the relative isolation
cut is relaxed with respect to the tight selection in the loose selection. For electrons, the relative
isolation and MVA ID requirements are not applied.

4.1.3 Lepton efficiencies and fake rates

The prompt efficiencies €;, or ratios of prompt leptons passing the tight criteria over prompt
leptons passing the loose criteria, are determined from a Z — ¢/ sample using the “Tag-and-
Probe” method. It is determined separately for several bins in pr and # of the leptons. The jet
fake rates p; are taken from a QCD jet enriched sample, using the same procedure applied in
the WW cross section measurement [14].

4.1.4 Estimation of fake lepton background

The method outlined in the previous sections was used to determine the number of events
with three prompt leptons in the sample passing the full WZ selection. This corresponds to
determining ej€e2e3m ¢ using equation (3). The results are given for the four studied final states
in Table 2 for the 7 TeV analysis, and in Table 3 for 8 TeV data.

4.2 Other backgrounds

After subtracting the contribution from fake leptons, the remaining background receives mainly
small contributions from the irreducible ZZ background and from the Z+ process, in which the
photon is misidentified as an electron. The contribution of these processes to the final selected
WZ sample is estimated from simulations.
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5 Systematic uncertainties

Systematic uncertainties can be grouped into several categories. In the first group, we com-
bine the uncertainties that affect the product of the acceptance, reconstruction, and identifi-
cation efficiencies of final state objects, as determined from Monte Carlo simulation. These
include uncertainties on lepton and EM* energy scales and resolution, uncertainties on the
pile-up modeling in Monte Carlo, as well as theoretical uncertainties in the parton distribu-
tion functions (PDFs), renormalization and factorization scales. The second group includes
the systematic uncertainties affecting the data vs. simulation correction factors for the efficien-
cies of the reconstruction and identification requirements. These include lepton reconstruction
and identification efficiencies. The lepton efficiencies are determined by the “Tag-and-Probe”
method [17] in the same way for data and simulation, and the uncertainty on the ratio of ef-
ficiencies is taken as a systematic uncertainty. The third category comprises uncertainties on
the background yield. These are dominated by the uncertainties on the data-driven Z+jets and
tt background estimation described in Section 4.1. To estimate this uncertainty, we varied the
jet Et threshold used to select the QCD jet enriched samples from which the lepton fake rates
were estimated. Uncertainties on the ZZ and Zy cross sections are also considered. As the ZZ
cross section has been measured by CMS at both 7 and 8 TeV [19, 20], and the Z cross section
has been measured at 7 TeV [21], the uncertainty on these measured cross sections were taken.
As there is no available measurement of the Z measurement at 8 TeV, the uncertainty on the
7 TeV measurment increased by a factor of 2 was assumed. Finally, an additional uncertainty
due to the measurement of the integrated luminosity is considered. This uncertainty is 2.2% for
2011 data and 4.4% for 2012 data. A summary of all systematic uncertainties is given in Table 1
for the measurement at 7 and 8 TeV.

Table 1: Summary of systematic uncertainties, in units of percent, in the WZ cross section
measurement at 7 TeV and 8 TeV.

7 TeV 8 TeV
source input eee | eey | ppe | uuu input eee | eey | upe | pup
QCD scale 1.3 1.3 1.3 1.3 1.3 1.6 1.6 1.6 1.6 1.6
PDFs 14 14 14 14 14 14 14 14 14 14
lepton and trigger efficiency - 2.9 2.7 2.0 14 1 18 | 1.8 1.8 1.8
E%‘iss - 37 34 4.3 37 1.5(u),2.5(e), 5 (jets) | 29 | 2.9 35 3.1
muon momentum scale 1 - 0.60 | 043 | 1.06 0.2 0.0 04 0.9 1.1
electron energy scale 2(EB),5(EE) | 19 | 075 | 12 - flpry) 08 | 0.6 0.1 0.0
pile-up 5 0.27 | 0.50 | 1.00 | 0.64 - 0.8 1.1 0.6 0.9
ZZ cross section 14 050 | 092 | 0.62 | 0.85 15 0.2 0.2 0.2 0.2
Zy cross section 7 0 0 0.04 0 15 0.2 0.0 0.2 0.0
data-driven - 2.7 6.5 6.3 6.0 - 2.7 | 19 2.7 2.6
backgrounds - 0.2 0.2 0.9 0.2 - 0.8 1.2 1.1 1.0
statistical - 135 | 139 | 13.1 | 11.0 - 73 | 6.8 6.0 5.0
systematic - 6.1 7.8 8.1 72 - 47 | 44 5.1 47
luminosity 22 22 22 22 22 44 44 | 44 44 44
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6.1

After applying the full selection, 293 events are selected in the 7 TeV data with 49 fb~! of
integrated luminosity, while 1480 events are selected in the data at 8 TeV with 19.6 fb~'. The
data yield for each channel together with the MC expectation for the different processes is given
in Tables 2 and 3 for 7 TeV and 8 TeV data, respectively. The distributions of several kinematic
variables for selected events are shown in Figure 1 for the 7 TeV dataset, and in Figure 2 for the
data at 8 TeV.

Measured and estimated yields

Table 2: Yields of selected events in data at 7 TeV, together with the expected yields from the
simulation of various background processes. Numbers correspond to an integrated luminosity
of 4.9 fb~! and the corresponding errors are statistical only. The contribution from fake leptons,
obtained with the data-driven method described in Section 4.1 is also given. The WV and VVV
sets of samples listed in Table 3 are only considered at 8 TeV, as they are negligible for the 7 TeV
luminosity.

sample eee eep pue Hup

Z+jets 12+08 | 1.2+09 | 08+0.6 | 0.6£0.6
top 03£01 | 06£01 | 0601 | 1.0£0.1
77 20£01 | 35£01 | 27£01 | 51£0.1

Vy 0 0 05+05 0

WWwW 0 0 0 0
Wz 447+05 | 49.8+05 | 56.0+0.5 | 73.8+0.6
total MC | 4824+1.0 | 55.0+1.0 | 60.5+1.1 | 80.5+£0.9
data-driven | 224+04 | 1.5+03 | 24+04 | 1.8+£0.2

data 64 62 70 97

Table 3: Yields of selected events in data at 8 TeV, together with the expected yields from the
simulation of various background processes. Numbers correspond to an integrated luminos-
ity of 19.6 fb~!. The contribution from fake leptons, obtained with the data-driven method
described in Section 4.1 is also given. The so-called WV sample contains the following SM
processes: W™ — flvee, Wy* — lvup, Wy* — lvtt, Wy — lvy, WW, WZ — ¢4'¢¢ and
WZ — {vgqg. In the case of the VVV sample, the SM process considered are WZZ, ZZ7, WWZ,
WWW, ttW, ttZ, ttWW, ttry and WW+y.

sample eee eep uue UUU
Z+jets 98+44 | 169+6.0 | 145+54 | 13.8+45
top 14+04 27+03 6.2+0.7 91+1.0
Y4 24+01 3.1+01 39+0.1 5.8+0.1
Zy 24+09 04+04 3.8+1.2 0
\4'AY% 01+01 01+01 02+£01 22+0.7
VvV 6.1+0.3 79+£0.3 104+£04 | 134+04
WZ 1939+14 | 2458+1.6 | 3159+19 | 428.0+2.2
total MC | 216.0 £4.7 | 277.0£6.3 | 3549 +£6.0 | 4723 £5.2
data-driven | 14.8+14 | 2714+29 | 479+34 | 59.0+4.6
data 235 288 400 557
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Figure 1: Kinematic distributions after applying all of the WZ selection criteria in the four
channels: invariant mass of the Z candidate (top left), transverse momentum of the Z candidate
(top right), transverse momentum of the W candidate (bottom left), and the E%‘iss of the event
before applying the EMS cut (bottom right), for 7 TeV data. The top and Z+jets backgrounds
are estimated using the data-driven method described in the text.
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Measured and estimated yields
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Figure 2: Kinematic distributions after applying all of the WZ selection criteria in the four
channels: invariant mass of the Z candidate (top left), transverse momentum of the Z candidate
(top right), transverse momentum of the W candidate (bottom left), and the E%‘iss of the event
before applying the EMS cut (bottom right), for 8 TeV data. The top and Z+jets backgrounds
are estimated using the data-driven method described in the text.
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6.2 Measurement of WZ cross section at /s = 7TeV
The cross section is estimated with the expression,

o= Nsig
- A-e- L

(4)

where Ngig is the number of observed signal events, A is the fiducial and kinematic acceptance,
€ is the selection efficiency for events in the acceptance, and L is the integrated luminosity. The
product (A - €) is obtained from a simulated WZ sample by determining the fraction of gener-
ated WZ events with 71 < mz < 111 GeV that are accepted by the full selection described in
Section 3. To account for the difference in trigger, reconstruction and identification efficiencies
between data and simulation, each selected simulated event is weighted with an appropri-
ate correction factor. The observed signal yield Njig is obtained by subtracting the estimated
backgrounds, described in Section 4, from the number of observed events passing all selection
requirements. The inclusive WZ cross section is then measured in four channels. The resulting
cross section values are reported in Table 4.

Table 4: Measured WZ cross section values in the four leptonic channels at /s = 7 TeV.

channel o (pp = WZ; /s =7 TeV) (pb)

eee 23.00 £ 3.10 (stat.) = 1.39 (syst.) = 0.51 (lumi.)
eey 19.67 £+ 2.73 (stat.) £ 1.50 (syst.) £ 0.43 (lumi.)
upe 19.81 + 2.60 (stat.) £ 1.55 (syst.) £ 0.44 (lumi.)
UUHU 21.02 = 2.30 (stat.) &= 1.47 (syst.) £ 0.46 (lumi.)

combined 20.76 £ 1.32 (stat.) + 1.13 (syst.) & 0.46 (lumi.)

We have obtained a combined cross section measurement taking into account the correlation
in the uncertainties using the Best Linear Unbiased Estimator (BLUE) method [22]. We have
assumed full correlation between channel measurements! in all uncertainties described in sec-
tion 5 but for the fakeable object method systematic. Combining the four channels, the total
WZ cross section for 71 < mz < 111 GeV is measured to be:

o (pp = WZ+X) =20.76 £ 1.32 (stat.) == 1.13 (syst.) = 0.46 (lumi.) pb

The ratio of the inclusive cross-section for individual channels and for the combination to the
theoretical NLO prediction of 17.8f8:g pb computed with MCFM [23] using the MSTW2008 PDF
set [24], is shown in Figure 3.

6.3 Measurement of WZ cross section at /s = 8 TeV

The cross section is extracted in the same way as described above for the 8 TeV data. The
measured values for the inclusive WZ cross-section in the four channels are reported in Table 5.
The combined total WZ cross section, for 71 < myz < 111 GeV, is measured to be

o (pp = WZ+X) =24.61 £ 0.76 (stat.) £ 1.13 (syst.) £ 1.08 (lumi.) pb.

The theoretical prediction for the WZ production cross section, for a Z boson in the mass range
between 71 and 111 GeV, calculated at next-to-leading order in QCD (NLO) using MCFM

INote that some uncertainties are affecting exclusively some channels, for instance electron energy scale are
considered to be correlated between the electron content channels.
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Figure 3: Ratio of measured inclusive cross-section to the theoretical prediction U&}%" =178 pb
for WZ production at /s = 7 TeV.

6.6 [23] with the MSTW [24] NLO parton density function (PDF) set, is found to be 21.915:% pb.
The ratio of the inclusive cross sections for individual channels and for the combination to the
theoretical NLO prediction is shown in Figure 4.

Table 5: Measured WZ cross section values in the four studied channels at /s = 8 TeV.

channel v (pp — WZ; /s =8 TeV) [pb]

eee 24.92 £ 1.83 (stat.) + 1.25 (syst.) = 1.10 (lumi.)
eep 23.42 £+ 1.59 (stat.) £ 1.11 (syst.) £ 1.03 (lumi.)
ppe 24.40 £ 1.46 (stat.) £ 1.33 (syst.) £ 1.07 (lumi.)
HUU 25.71 £ 1.27 (stat.) = 1.34 (syst.) + 1.13 (lumi.)

combined 24.61 £ 0.76 (stat.) &= 1.13 (syst.) &= 1.08 (lumi.)

6.4 WTZ/W~—Z ratio measurement

Since the LHC is a proton-proton collider, the W"Z and W~Z cross sections are not equal,
hence an overall excess of WZ events over W~ Z is expected. The ratio of the inclusive cross
sections WTZ and W~Z is also measured,

owiz _ N§ (A-e)”

Ow-z7 N NS_ (A'€)+ (5)

The above equation 5 has been derived from equation 4, where the luminosity is canceled. The
lepton and trigger efficiencies ratios of negative to positive leptons, ¢~ /¢*, have been mea-
sured in several CMS’s W charge asymmetry analyses [25] and [26], all of them reporting an
efficiency ratio compatible with unity within the statistical uncertainty, being 3% for electrons
and 2.3% for muons?. Nevertheless, the cancellation is valid only in small pseudorapidity bins

2The reported uncertainties are shown in 7 bins. We have chosen the most conservative approach by taking the
highest uncertainty value in the binned uncertainties.
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Figure 4: Ratio of measured inclusive cross sections to the theoretical prediction oil® =
21.91 pb for WZ production at /s = 8 TeV.

and cannot be used in this 7 integrated measurement. The charge misidentification rate has
been found negligible for muons [27], less than 10~%. The electron charge misidentification
rate has been measured in Z/7* — ete™ to be lower than 0.1-0.4% increasing with electron
pseudorapidity [25]. We have not applied any correction due to electron charge misidentifica-
tion once we checked the negligible impact in our signal region. However, we have used the
statistical error of the charge misidentification rate [25] as systematic uncertainty. The WHZ
process trends to be produced more boosted than W~Z due to the energy distribution of the
quarks inside the proton. In particular the fraction proton energy probability for the u and d
quarks pair (WZ) is higher than the d, ii pair (W~ Z), see e.g. Ref. [28]. As a consequence the
acceptance for the W' Z process is expected to be lower than for W~ Z.

The ratio measurement is done by following the selection described in Section 3, adding the
requirement to the W candidate lepton to have a positive (negative) charge,

+(- +(— +(—
Ns( ):Nobg )_kaé)

Therefore we perform two cross section measurements, one for WZ and another for W~ Z.

The same systematic uncertainties as in the inclusive cross section have been considered for the
ratio analysis except the luminosity which cancels in the ratio. We have added the statistical
uncertainty of the efficiency ratio ¢~ /¢, applying a 2.3% variation for each muon and 3% for
each electron; and the statistical uncertainty of the electron charge misidentification probability,
0.3%.

Following the same procedure as for the inclusive cross section analysis, the ratio is measured
in the four channels considered and the results are reported in Tables 6 and 7 for the 7 and 8
TeV run, respectively.

The BLUE method [22] is used to obtain a combined measurement from the four independent
values, with the same error correlations as in the inclusive cross section measurement applied.
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Table 6: Measured cross section WHZ and W~ Z ratio values in the four leptonic channels at 7
TeV.

channel ow+z/o0w-z

eee 1.92 + 0.52 (stat.) &+ 0.07 (syst.)
eep 1.99 + 0.58 (stat.) 4= 0.04 (syst.)
upe 2.02 + 0.58 (stat.) £ 0.08 (syst.)
W 1.87 £ 0.40 (stat.) £ 0.03 (syst.)

combined 1.94 £ 0.25 (stat.) 4= 0.04 (syst.)

Table 7: Measured cross section W+ Z and W~Z ratio values in the four leptonic channels at 8
TeV.

channel ow+z/0w-z

eee 1.59 + 0.24 (stat.) &= 0.04 (syst.)
eep 1.89 + 0.27 (stat.) &= 0.04 (syst.)
Hpe 2.06 £ 0.26 (stat.) £ 0.05 (syst.)

HUu 1.80 £ 0.19 (stat.) &= 0.04 (syst.)
combined 1.81 £ 0.12 (stat.) 4= 0.03 (syst.)

The inclusive cross section ratio for 71 < mz < 111 GeV is measured to be

<‘7w+z) = 1.94 £ 0.25 (stat.) = 0.04 (syst.)
OW-2/7 Tev

which is in agreement with the SM prediction of 1.7761“8:882, computed at NLO with MCFM
with the MSTW2008 PDF set.

The same ratio at /s = 8 TeV is measured to be

<UW+Z> = 1.81 £0.12 (stat.) = 0.03 (syst.)
OW-Z/ 8§ Tev

which is also in agreement with the SM prediction of 1.724 4- 0.003 computed in the same way.

7 Conclusions

An improved measurement of the WZ cross section at 7 TeV and the first measurement of
WZ production with the CMS detector at 8 TeV have been presented, based on data taken in
2011 and 2012, corresponding to an integrated luminosity of 4.9 fb~' at7 TeV and 19.6 fb ™' at
8 TeV. The W and Z bosons are identified through their decays into electrons and muons. The
measured value for the WZ production cross section in proton-proton collisions at /s = 7 TeV,
for 71 < my < 111 GeV, is

o (pp = WZ+X; /s =7TeV) = 20.76 + 1.32 (stat.) + 1.13 (syst.) £ 0.46 (lumi.) pb

while the SM prediction for this cross section is 17.87)Z pb, computed at NLO with MCFM [23].

The measured value for the same cross section at /s = 8 TeV is:

o (pp = WZ+X; /s =8TeV) = 24.61 +0.76 (stat.) + 1.13 (syst.) £ 1.08 (lumi.) pb
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The SM prediction, also computed at NLO with MCFM, is 21.91 147 pb.

The ratio of W*Z to W~ Z production cross sections has also been measured for proton-proton
collisions at /s = 7TeV and /s = 8 TeV,

(‘TWZ) = 1.9440.25 (stat.) 4 0.04 (syst.)
Ow-7/7 Tev

(”W*Z) — 1.81+0.12 (stat.) £ 0.03 (syst.)
OW-7/ 8 Tev

The SM prediction for this ratio at /s = 7 TeV is 1.776 10005, and 1.724 £ 0.003 at /s = 8 TeV.
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