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L. Santi,55 S. Sarkar,52 L. Sartori,47 K. Sato,17 P. Savard,34 A. Savoy-Navarro,45 T. Scheidle,26 P. Schlabach,17

E.E. Schmidt,17 M.P. Schmidt,61 M. Schmitt,39 T. Schwarz,7 L. Scodellaro,11 A.L. Scott,10 A. Scribano,47

F. Scuri,47 A. Sedov,49 S. Seidel,38 Y. Seiya,42 A. Semenov,15 L. Sexton-Kennedy,17 A. Sfyrla,20 M.D. Shapiro,29

T. Shears,30 P.F. Shepard,48 D. Sherman,22 M. Shimojimak,56 M. Shochet,13 Y. Shon,60 I. Shreyber,37 A. Sidoti,47

P. Sinervo,34 A. Sisakyan,15 J. Sjolin,43 A.J. Slaughter,17 J. Slaunwhite,40 K. Sliwa,57 J.R. Smith,7 F.D. Snider,17

R. Snihur,34 M. Soderberg,35 A. Soha,7 S. Somalwar,53 V. Sorin,36 J. Spalding,17 F. Spinella,47 T. Spreitzer,34

P. Squillacioti,47 M. Stanitzki,61 A. Staveris-Polykalas,47 R. St. Denis,21 B. Stelzer,8 O. Stelzer-Chilton,43

D. Stentz,39 J. Strologas,38 D. Stuart,10 J.S. Suh,28 A. Sukhanov,18 H. Sun,57 T. Suzuki,56 A. Taffard,24

R. Takashima,41 Y. Takeuchi,56 K. Takikawa,56 M. Tanaka,2 R. Tanaka,41 M. Tecchio,35 P.K. Teng,1 K. Terashi,51

J. Thomd,17 A.S. Thompson,21 E. Thomson,46 P. Tipton,61 V. Tiwari,12 S. Tkaczyk,17 D. Toback,54 S. Tokar,14

K. Tollefson,36 T. Tomura,56 D. Tonelli,47 S. Torre,19 D. Torretta,17 S. Tourneur,45 W. Trischuk,34 R. Tsuchiya,58

S. Tsuno,41 N. Turini,47 F. Ukegawa,56 T. Unverhau,21 S. Uozumi,56 D. Usynin,46 S. Vallecorsa,20 R. Vanguri,9

N. van Remortel,23 A. Varganov,35 E. Vataga,38 F. Vázquezi,18 G. Velev,17 G. Veramendi,24 V. Veszpremi,49

R. Vidal,17 I. Vila,11 R. Vilar,11 T. Vine,31 I. Vollrath,34 I. Volobouevn,29 G. Volpi,47 F. Würthwein,9 P. Wagner,54

R.G. Wagner,2 R.L. Wagner,17 J. Wagner,26 W. Wagner,26 R. Wallny,8 S.M. Wang,1 A. Warburton,34 S. Waschke,21

D. Waters,31 M. Weinberger,54 W.C. Wester III,17 B. Whitehouse,57 D. Whiteson,46 A.B. Wicklund,2

E. Wicklund,17 G. Williams,34 H.H. Williams,46 P. Wilson,17 B.L. Winer,40 P. Wittichd,17 S. Wolbers,17

C. Wolfe,13 T. Wright,35 X. Wu,20 S.M. Wynne,30 A. Yagil,9 K. Yamamoto,42 J. Yamaoka,53 T. Yamashita,41

C. Yang,61 U.K. Yangj,13 Y.C. Yang,28 W.M. Yao,29 G.P. Yeh,17 J. Yoh,17 K. Yorita,13 T. Yoshida,42 G.B. Yu,50

I. Yu,28 S.S. Yu,17 J.C. Yun,17 L. Zanello,52 A. Zanetti,55 I. Zaw,22 X. Zhang,24 J. Zhou,53 and S. Zucchelli5

(CDF Collaboration∗)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China

2Argonne National Laboratory, Argonne, Illinois 60439
3Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain

4Baylor University, Waco, Texas 76798
5Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy

6Brandeis University, Waltham, Massachusetts 02254
7University of California, Davis, Davis, California 95616

8University of California, Los Angeles, Los Angeles, California 90024
9University of California, San Diego, La Jolla, California 92093

10University of California, Santa Barbara, Santa Barbara, California 93106
11Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain

12Carnegie Mellon University, Pittsburgh, PA 15213
13Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637

14Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
15Joint Institute for Nuclear Research, RU-141980 Dubna, Russia

16Duke University, Durham, North Carolina 27708
17Fermi National Accelerator Laboratory, Batavia, Illinois 60510

18University of Florida, Gainesville, Florida 32611
19Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

20University of Geneva, CH-1211 Geneva 4, Switzerland
21Glasgow University, Glasgow G12 8QQ, United Kingdom

22Harvard University, Cambridge, Massachusetts 02138
23Division of High Energy Physics, Department of Physics,

University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland



3

24University of Illinois, Urbana, Illinois 61801
25The Johns Hopkins University, Baltimore, Maryland 21218

26Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
27High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan

28Center for High Energy Physics: Kyungpook National University,
Taegu 702-701, Korea; Seoul National University, Seoul 151-742,
Korea; and SungKyunKwan University, Suwon 440-746, Korea

29Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720
30University of Liverpool, Liverpool L69 7ZE, United Kingdom

31University College London, London WC1E 6BT, United Kingdom
32Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

33Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
34Institute of Particle Physics: McGill University, Montréal,
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interaction are produced individually in large numbers
in pp collisions at the Fermilab Tevatron, and their cross
sections have been measured with high precision [1]. The
production of heavy vector boson pairs (WW , WZ, and
ZZ) is far less common and can involve the triple gauge
couplings (TGCs) between the bosons themselves via an
intermediate virtual boson. Deviations of measured di-
boson production properties from standard model (SM)
predictions could arise from new interactions or loop ef-
fects due to new particles at energy scales not directly ac-
cessible to a given experiment [2]. At the Tevatron, TGCs
are probed at the highest energy scales yet achieved.

In this Letter, we report the first observation of WZ
production. The production is observed in pp collisions
at

√
s = 1.96 TeV using 1.1 fb−1 of integrated lumi-

nosity collected by the CDF II detector at the Fermilab
Tevatron. We consider the decay channel WZ → ℓ′νℓ′ℓℓ,
where ℓ′ and ℓ are electrons or muons directly from W
and Z decay, respectively, or from the leptonic decay of
τ ’s when one or both vector bosons decay to τ leptons.

The most sensitive previous search for WZ production
was reported by the DØ Collaboration using 0.3 fb−1 of
integrated luminosity, where three WZ → ℓ′νℓ′ℓℓ candi-
date events were found [3]. The observed events had a
probability of 3.5% to be due to background fluctuations,
corresponding to σ(WZ) < 13.3 pb at 95% C.L. A search
for the sum of WZ and ZZ production in decays to 2,
3, and 4 lepton channels by the CDF Collaboration us-
ing 0.194 fb−1 of integrated luminosity determined that
σ(WZ + ZZ) < 15.2 pb at 95% C.L. [4]. The next-to-
leading order (NLO) WZ cross section prediction for pp
collisions at

√
s = 1.96 TeV is 3.7 ± 0.3 pb [5].

The components of the CDF II detector relevant to
this analysis are described briefly here; a more complete
description can be found elsewhere [6]. The detector ge-
ometry is described using the azimuthal angle φ and the
pseudorapidity η ≡ − ln[tan(θ/2)], where θ is the polar
angle with respect to the proton beam axis (positive z-
axis). The pseudorapidity of a particle originating from
the center of the detector is referred to as ηd.

The trajectories of charged particles (tracks) are re-
constructed using silicon microstrip detectors [7, 8] and
a 96-layer open-cell drift chamber (COT) [9] inside a
1.4 T solenoid. The number of COT layers traversed
by a particle in the range |ηd| ≤ 1 is 96 and decreases
to zero for |ηd| → 2. The silicon system provides cov-
erage with 6 (7) layers with radii between 2.4 cm and
28 cm for |ηd| < 1.0 (1.0 < |ηd| < 2.0). Outside of the
solenoid are electromagnetic (EM) and hadronic (HAD)
sampling calorimeters, segmented in a projective tower
geometry, and constructed of layers of lead or iron ab-
sorber, respectively, and scintillator. The EM section is
the first 19-21 radiation lengths (X0), corresponding to
one hadronic interaction length (λ) and contains electro-
magnetic showers, while the HAD section extends to 4.5-
7 λ and contains the majority of a hadronic shower. The

calorimeters are divided into central (|ηd| < 1.1) and for-
ward (1.1 < |ηd| < 3.64) regions. Outside of the central
calorimeters are muon detectors consisting of scintillators
and drift chambers.

Including the leptonic τ decays, the branching fraction
of the WZ state to three e or µ leptons is 1.8%. When
coupled with the small SM cross section, this implies that
only a small number (∼70) of WZ → ℓ′νℓ′ℓℓ events are
expected to be produced in 1.1 fb−1 at the Tevatron. Fur-
thermore, in order to identify a WZ event in this decay
channel, all three charged leptons must be detected. The
CDF II detector, however, has gaps in calorimeter cover-
age and limited forward (|ηd| >∼ 1) tracking efficiency.

In order to maximize the total acceptance, while min-
imizing the backgrounds from jets and photons misiden-
tified as leptons, we exploit all available reconstructed
tracks and clusters of energy in the EM calorimeter. We
separate these into seven non-overlapping lepton cate-
gories: three each of electrons and muons, and a sev-
enth for tracks that are non-fiducial to the calorimeters
and are not identified as muons. In this context, “non-
fiducial” refers to detector regions that are inactive for
energy measurement because they are either not covered,
or are only partially covered, by calorimeter components.

All lepton candidates are required to be isolated such
that the sum of the ET for the calorimeter towers in a
cone of ∆R =

√

(∆η)2 + (∆φ)2 < 0.4 around the lepton
is less than 10% of the ET for electrons or pT for muons
and track lepton candidates. The transverse energy ET of
an energy cluster or calorimeter tower is E sin θ, where E
is the associated energy. Similarly, pT is the component
of track momentum transverse to the beam line.

All electron candidates are required to have a cluster
of energy in the calorimeter with the ratio of deposition
in the HAD to EM sections consistent with being due to
an electron. These candidates are divided into three cat-
egories: those in the central calorimeter, those in the for-
ward calorimeter matched to a track, and those in the for-
ward calorimeter without a matched track. The central
electron category requires a well-measured COT track.
Since the tracking efficiency is low in the large |ηd| region,
a track pattern algorithm which starts with calorimeter
information and attempts to attach silicon hits is used
for forward electrons. For forward electrons without a
matched track, both charge hypotheses are considered
when forming WZ candidates, since the charge is deter-
mined from the track curvature.

For all muon candidates, the energy deposition in both
the EM and HAD calorimeter sections is required to be
consistent with that of a minimum ionizing particle. The
muon candidates are divided into a category in which the
tracks match to reconstructed track segments (“stubs”)
in the muon chambers and two categories of tracks that
do not match to stubs (“stubless”). The stubless muon
candidates are designated as central or forward, depend-
ing on the calorimeter to which the track is projected.
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The stubbed and central stubless muons have strict re-
quirements on the number of COT hits and the χ2 of the
track fit in order to suppress background muons from K±

or π± decays. To increase the track finding efficiency in
the forward region, we use an algorithm that starts with
silicon detector hits in addition to one that starts with
COT hits. The forward stubless muons require at least
60% of the traversed COT layers to have hits. To sup-
press the background from cosmic rays and K± or π±

decays, we require the point of closest approach of the
track to the beamline to be consistent with having orig-
inated from the beam, in addition to using a cosmic ray
rejection algorithm.

An additional category consists of tracks that neither
project to the fiducial regions of the calorimeters nor
are identified as stubbed muons. The requirements for
these track-only lepton candidates are the same as for
central stubless muons, but without the calorimeter re-
quirements. Due to the lack of calorimeter information,
electrons and muons cannot be reliably differentiated for
this category, and are therefore treated as having either
flavor in the WZ candidate selection. If an electron or
track-only candidate is consistent with a photon conver-
sion, as indicated by the presence of an additional nearby
track with a common vertex, the candidate is rejected.

To measure the presence of a neutrino, we use missing
transverse energy E/T = |

∑

i ET,i n̂T,i|, where n̂T,i is the
transverse component of the unit vector pointing from
the interaction point to calorimeter tower i. The E/T

calculation is corrected for muons and track-only lepton
candidates, which do not deposit all of their energy in
the calorimeter.

The events we consider must pass one of four online
trigger selections. The events with central electrons re-
quire an EM energy cluster with ET > 18 GeV matched
to a track with pT > 8 GeV/c. The events with forward
electrons require an EM energy cluster with ET > 20
GeV and an uncorrected, calorimeter-based measure-
ment of E/T > 15 GeV. Muon triggers are based on
stubs from the muon chambers matched to a track with
pT > 18 GeV/c. Trigger efficiencies are measured in lep-
tonic W and Z data samples [1].

The WZ candidates are selected from events with ex-
actly three lepton candidates using requirements that
were optimized with Monte Carlo simulation without ref-
erence to the data. At least one lepton is required to sat-
isfy the trigger and have ET > 20 GeV (pT > 20 GeV/c)
for electrons (muons). We loosen this requirement to 10
GeV (GeV/c) for the other leptons to increase the WZ
kinematic acceptance. Aside from WZ production, other
SM processes that can lead to three high-pT leptons in-
clude dileptons from the Drell-Yan Z/γ∗ process (DY),
with an additional lepton from a photon conversion (Zγ)
or a misidentified jet (Z+jets) in the event; ZZ produc-
tion where only three leptons are identified and the un-
observed lepton results in E/T ; and a small contribution

from tt → WbWb̄, where two charged leptons result from
the W boson decays and one or more from decay of the b-
quarks. Except for tt, these backgrounds are suppressed
by requiring E/T > 25 GeV in the event, consistent with
the unobserved neutrino from the leptonic decay of a W
boson. We also require the azimuthal angle between the
E/T direction and any identified jet with ET > 15 GeV
or WZ candidate lepton to be greater than 9◦ to sup-
press DY backgrounds in which the observed E/T is due
to mismeasured leptons and/or jets.

We require at least one same-flavor, opposite-sign lep-
ton pair in the event with an invariant mass Mℓ+ℓ− in
the range [76, 106] GeV/c2, consistent with the decay of
a Z boson. This range is referred to as the “Z-mass re-
gion.” If there is more than one such pair, the leptons
with Mℓ+ℓ− closest to the Z mass [10] are treated as the
Z boson decay candidate pair. In order to suppress back-
grounds from ZZ, we require that no additional track in
the event with pT > 8 GeV/c, when combined with the
lepton that is not part of the Z boson decay candidate
pair, has an invariant mass in the Z-mass region. The
overall acceptance for WZ → ℓ′νℓ′ℓℓ, using the described
selection criteria, is 13.4%.

The acceptances for the WZ, ZZ, Zγ, and tt processes
are determined using Monte Carlo calculations followed
by a geant-based simulation [11] of the CDF II detec-
tor. The Monte Carlo generator used for WZ, ZZ, and
tt is pythia [12] and for Zγ is the generator described in
[13]. We use the CTEQ5L parton distribution functions
(PDFs) to model the longitudinal momentum distribu-
tion of the initial-state partons [14]. An efficiency cor-
rection, of up to 10% per lepton, is applied to the simula-
tion based on measurements of the lepton reconstruction
and identification efficiencies using observed Z → ℓ+ℓ−

events. An additional correction is applied to the Zγ
background estimate based on a measurement of the pho-
ton conversion veto efficiency in data. The background
from Z+jets is estimated from a sample of events with
two identified leptons and a jet that is required to pass
loose isolation requirements and contain a track or energy
cluster similar to those required in the lepton identifica-
tion. The contribution of each event to the total yield
is scaled by the probability that the jet is identified as
a lepton. This probability is determined from multijet
events collected with a set of jet-based triggers. A cor-
rection is applied for the small real lepton contribution
using single W and Z boson Monte Carlo simulation.

Systematic uncertainties associated with the Monte
Carlo simulation affect the Zγ, ZZ, tt, and WZ simula-
tions similarly. The uncertainties from the lepton selec-
tion and trigger efficiency measurements are propagated
through the analysis, giving uncertainties of 1.2%−2.0%
and 0.4%− 0.9% for the respective efficiencies of the dif-
ferent signal and background processes. The uncertainty
due to the E/T resolution modeling is determined from
comparisons of the data and the Monte Carlo simulation
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in a sample of dilepton events. For WZ, ZZ, and tt pro-
duction, where it is an observed particle that produces
the observed E/T , we determined the uncertainty to be
1%. The uncertainty due to the E/T modeling for the
Zγ background is much larger (25%) than for other fi-
nal states because it depends on the non-Gaussian tails
of the resolution function. The uncertainties on the ZZ,
Zγ, and tt cross sections are assigned to be 10% [5], 10%
[15], and 15% [16, 17], respectively. For the Zγ back-
ground contribution, there is an additional uncertainty
of 20% from the detector material description and con-
version veto efficiency. The detector acceptance varia-
tion due to PDF uncertainties is assessed to be 2% using
the 20 pairs of PDF sets described in [18]. The system-
atic uncertainty on the Z+jets background is determined
from differences in the measured probability that a jet is
identified as a lepton for jets collected using different jet
ET trigger thresholds. These variations correspond to
changing the parton composition of the jets and the rel-
ative amount of contamination from real leptons. The
total systematic uncertainty on the Z+jets background
prediction is 23%. The signal and background estimates
obtained from simulation have an additional 6% uncer-
tainty originating from the luminosity measurement [19].

In addition to the signal region (E/T > 25 and Mℓ+ℓ−

in the Z-mass region), we define two independent trilep-
ton control regions, both with E/T < 25 GeV, but differ-
ent Mℓ+ℓ− criteria, to validate our background estimates.
The “Z-mass control region” is defined to have Mℓ+ℓ− in
the Z-mass region and is dominated by Z+jets and Zγ
where the photon is from initial-state radiation. The “Z-
veto control region” is defined to have Mℓ+ℓ− outside of
the Z-mass region and a minimum value for Mℓ+ℓ− of
40 GeV/c2. This region is dominated by Zγ where the
photon is from final-state radiation. We expect 243.5 ±
38.8 (250.9 ± 48.3) events in the Z-mass (Z-veto) control
region and observe 215 (241) events. The results for the
trilepton classifications we consider are shown in Table I
and are in good agreement with the expectations.

The expectation in the signal region for WZ and each
background contribution is summarized in Table II. In
this region, we expect 2.7 ± 0.4 background events and
observe 16 events. A breakdown of the observed (ex-
pected) events by flavor classification is as follows: 6 (2.7
± 0.2) eee, 0 (2.0 ± 0.2) eeµ, 1 (1.5 ± 0.1) eµµ, 1 (1.2
± 0.1) µµµ, 5 (2.0 ± 0.2) eeℓt, 2 (1.3 ± 0.1) eµℓt, 1 (1.1
± 0.1) µµℓt, 0 (0.5 ± 0.1) eℓtℓt, and 0 (0.2 ± 0.1) µℓtℓt.
Here ℓt denotes the track-only lepton candidates having
unknown flavor. The distributions of E/T , Mℓ+ℓ− , and the

W transverse mass MW
T ≡

√

2ET E/T (1 − cosφℓν), where
φℓν is the azimuthal angle between the non-Z candidate
lepton and the E/T direction are shown in Fig. 1. The
data are in good agreement with the SM prediction.

Due to the unobserved neutrino, events from WZ →
ℓ′νℓ′ℓℓ are expected to have larger E/T on average than the
DY and ZZ backgrounds. We exploit this information

TABLE I: Summary of the expected and observed yields in
the trilepton control regions. In the classification column, ℓt

denotes a track-only lepton candidate having unknown flavor.
The eee, eµµ, eeℓt, and eµℓt classifications receive a large con-
tribution from Zγ events where the photon is reconstructed
as a forward electron without a matched track.

Flavor Z-mass Z-veto
Classification Expected Data Expected Data

e e e 116.3 ± 19.2 103 114.8 ± 22.5 103
e e µ 1.8 ± 0.3 2 1.4 ± 0.4 4
e µ µ 62.5 ± 10.3 50 69.2 ± 14.0 62
µ µ µ 1.1 ± 0.2 1 0.3 ± 0.1 1
e e ℓt 29.6 ± 4.6 20 33.5 ± 6.2 31
e µ ℓt 24.9 ± 4.1 33 26.5 ± 5.2 34
µ µ ℓt 2.7 ± 0.4 5 1.9 ± 0.4 3
e ℓt ℓt 4.0 ± 0.7 1 2.6 ± 0.5 2
µ ℓt ℓt 0.4 ± 0.2 0 0.4 ± 0.1 1
Total 243.5 ± 38.8 215 250.9 ± 48.3 241

TABLE II: Expected number of events in the signal region
for WZ and the background contributions. “Lumi” refers to
the integrated luminosity uncertainty, which is absent for the
Z+jets because it is determined from the same dataset.

Source Expectation ± Stat ± Syst ± Lumi

Z+jets 1.21 ± 0.27 ± 0.28 ± −
ZZ 0.88 ± 0.01 ± 0.09 ± 0.05
Zγ 0.44 ± 0.05 ± 0.15 ± 0.03
tt̄ 0.12 ± 0.01 ± 0.02 ± 0.01
Total Background 2.65 ± 0.28 ± 0.33 ± 0.09
WZ 9.75 ± 0.03 ± 0.31 ± 0.59
Total Expected 12.41 ± 0.28 ± 0.45 ± 0.67
Observed 16

by performing a binned maximum likelihood fit for the
signal yield using the following E/T bins: 25 < E/T < 45
GeV and E/T > 45 GeV. This binning was chosen to
maximize our sensitivity for a WZ observation without
reference to the data. We expect 2.0 ± 0.4 (0.7 ± 0.1)
background events and 6.5 ± 0.5 (5.9 ± 0.4) WZ events,
with 9 (7) events observed in the lower (upper) E/T bin.
We define ∆ lnL as the log of the likelihood ratio between
this fit and the no signal hypothesis. For our data, we
find 2∆ lnL = 37.8. We interpret this result using 1010

background-only Monte Carlo experiments, out of which
only 11 had a larger value of 2∆ lnL (a probability of
1.1×10−9), corresponding to a significance equivalent to
six standard deviations.

This result represents the first observation of WZ pro-
duction. The measured cross section is

σ(pp → WZ) = 5.0+1.8
−1.4 (stat.) ± 0.4 (syst.) pb,

consistent with the SM expectation.
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FIG. 1: Distributions for WZ candidates of (a) the E/T (b) the dilepton invariant mass for the same-flavor opposite-sign dilepton
pair closest to the Z mass, and (c) the W transverse mass calculated from the remaining lepton and the E/T . In (a) and (b),
the arrows indicate the signal region.
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