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L. Sartori,47 K. Sato,18 A. Savoy-Navarro,45 P. Schlabach,18 A. Schmidt,27 E.E. Schmidt,18 M.A. Schmidt,14

M.P. Schmidt∗,61 M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12 A. Scribanobb,47 F. Scuri,47 A. Sedov,49 S. Seidel,38

Y. Seiya,42 A. Semenov,16 L. Sexton-Kennedy,18 F. Sforzaaa,47 A. Sfyrla,25 S.Z. Shalhout,59 T. Shears,30

P.F. Shepard,48 M. Shimojimar,56 S. Shiraishi,14 M. Shochet,14 Y. Shon,60 I. Shreyber,37 P. Sinervo,34

A. Sisakyan,16 A.J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57 J.R. Smith,8 F.D. Snider,18 R. Snihur,34 A. Soha,8

S. Somalwar,53 V. Sorin,36 T. Spreitzer,34 P. Squillaciotibb,47 M. Stanitzki,61 R. St. Denis,22 B. Stelzer,34

O. Stelzer-Chilton,34 D. Stentz,39 J. Strologas,38 G.L. Strycker,35 J.S. Suh,62 A. Sukhanov,19 I. Suslov,16

T. Suzuki,56 A. Taffardf ,25 R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41 M. Tecchio,35 P.K. Teng,1 K. Terashi,51

J. Thomh,18 A.S. Thompson,22 G.A. Thompson,25 E. Thomson,46 P. Tipton,61 P. Ttito-Guzmán,32

S. Tkaczyk,18 D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18 S. Torre,20 D. Torretta,18

P. Totaroee,55 S. Tourneur,45 M. Trovatocc,47 S.-Y. Tsai,1 Y. Tu,46 N. Turinibb,47 F. Ukegawa,56 S. Vallecorsa,21

N. van Remortelb,24 A. Varganov,35 E. Vatagacc,47 F. Vázquezn,19 G. Velev,18 C. Vellidis,3 M. Vidal,32 R. Vidal,18

I. Vila,12 R. Vilar,12 T. Vine,31 M. Vogel,38 I. Volobouevu,29 G. Volpiaa,47 P. Wagner,46 R.G. Wagner,2

R.L. Wagner,18 W. Wagnerx,27 J. Wagner-Kuhr,27 T. Wakisaka,42 R. Wallny,9 S.M. Wang,1 A. Warburton,34

D. Waters,31 M. Weinberger,54 J. Weinelt,27 W.C. Wester III,18 B. Whitehouse,57 D. Whitesonf ,46 A.B. Wicklund,2

E. Wicklund,18 S. Wilbur,14 G. Williams,34 H.H. Williams,46 P. Wilson,18 B.L. Winer,40 P. Wittichh,18

S. Wolbers,18 C. Wolfe,14 T. Wright,35 X. Wu,21 F. Würthwein,10 S. Xie,33 A. Yagil,10 K. Yamamoto,42

J. Yamaoka,17 U.K. Yangq,14 Y.C. Yang,62 W.M. Yao,29 G.P. Yeh,18 K. Yio,18 J. Yoh,18 K. Yorita,58 T. Yoshidal,42

G.B. Yu,50 I. Yu,62 S.S. Yu,18 J.C. Yun,18 L. Zanellodd,52 A. Zanetti,55 X. Zhang,25 Y. Zhengd,9 and S. Zucchelliy,6

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

2Argonne National Laboratory, Argonne, Illinois 60439
3University of Athens, 157 71 Athens, Greece

4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798

6Istituto Nazionale di Fisica Nucleare Bologna, yUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254

8University of California, Davis, Davis, California 95616
9University of California, Los Angeles, Los Angeles, California 90024

10University of California, San Diego, La Jolla, California 92093
11University of California, Santa Barbara, Santa Barbara, California 93106

12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, PA 15213

14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia

16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708

18Fermi National Accelerator Laboratory, Batavia, Illinois 60510
19University of Florida, Gainesville, Florida 32611

20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland

22Glasgow University, Glasgow G12 8QQ, United Kingdom



3

23Harvard University, Cambridge, Massachusetts 02138
24Division of High Energy Physics, Department of Physics,

University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
25University of Illinois, Urbana, Illinois 61801

26The Johns Hopkins University, Baltimore, Maryland 21218
27Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany

28Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,

Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,

Daejeon, 305-806, Korea; Chonnam National University, Gwangju,
500-757, Korea; Chonbuk National University, Jeonju 561-756, 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, Québec,
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We present the first observation in hadronic collisions of the electroweak production of vector
boson pairs (V V , V=W,Z) where one boson decays to a dijet final state . The data correspond to
3.5 fb−1 of integrated luminosity of pp̄ collisions at

√
s = 1.96 TeV collected by the CDF II detector

at the Fermilab Tevatron. We observe 1516 ± 239(stat) ± 144(syst) diboson candidate events and
measure a cross section σ(pp̄→V V+X) of 18.0± 2.8(stat)± 2.4(syst)± 1.1(lumi) pb, in agreement
with the expectations of the standard model.
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PACS numbers: 14.80.Bn, 14.70.-e, 12.15.-y

The production of heavy gauge boson pairs (WW,WZ,
or ZZ) in pp̄ collisions has been observed in the fully
leptonic final states at the Fermilab Tevatron collider [1,
2]. Diboson production has not yet been conclusively
observed in pp̄ collisions in decay channels involving
hadrons [3]; however, evidence for diboson decays into
an lν̄qq̄(′) final state (l = e, µ, τ ; q = u, d, s, c, b) has been
recently presented by DØ collaboration [4].

Measurements of diboson production cross sections
provide tests of the self-interactions of the gauge bosons.
Deviations from the standard model (SM) prediction
for the production rates could indicate new physics [5].
Furthermore, given that diboson production is topo-
logically similar to associated Higgs boson produc-
tion, pp̄→V H+X (V=W,Z), the analysis techniques de-
scribed in this Letter are important for Higgs boson
searches.

Here we present the first observation at a hadron col-
lider of diboson production with one boson decaying into
leptons and the other into hadrons. The analysis is per-
formed on a sample of events with large transverse mo-
mentum imbalance (E/T ) [6, 7] and two jets whose invari-
ant mass can be reconstructed. This signature is sensitive
to not only lν̄qq̄(′), but also to νν̄qq̄(′) decays because we
do not explicitly require presence of identified charged
leptons. The limited dijet mass resolution results in a
significant overlap of the W→qq̄′ and the Z→qq̄ dijet
mass peaks, and therefore the combination of the three
diboson signals, WW , WZ, and ZZ, is considered.

We analyze a dataset of pp̄ collisions corresponding
to an integrated luminosity of 3.5 fb−1 collected with

∗Deceased
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the CDF II detector at the center-of-mass energy of
1.96 TeV. The CDF II detector is described in detail
elsewhere [8]. Here the components that are relevant to
this search are briefly discussed. Surrounding the beam
pipe, there is a tracking system consisting of a silicon
microstrip detector, a cylindrical drift chamber, and a
solenoid that provides a 1.4 T magnetic field along the
beam axis. The central and plug calorimeters, which
respectively cover the pseudorapidity regions of |η|<1.1
and 1.1<|η|<3.6 [6], surround the tracking system with
a projective tower geometry. The calorimeters are com-
posed of inner electromagnetic and outer hadronic sec-
tions that consist of lead-scintillator and iron-scintillator,
respectively. In the central region, the calorimeter con-
sists of 48 modules, segmented into towers of granu-
larity ∆η × ∆φ ≈ 0.1 × 0.26. The energy resolution
of the central electromagnetic calorimeter for electrons
is σ(ET )/ET = 13.5%/

√
ET (GeV) ⊕ 1.5% [9], while

the energy resolution of the central hadron calorime-
ter for charged pions that do not interact in the elec-
tromagnetic section is σ(ET )/ET = 50%/

√
ET (GeV) ⊕

3% [10], where ET is the transverse energy [6]. The
plug electromagnetic (PEM) and plug hadron (PHA)
calorimeters are identically segmented into 480 towers
whose sizes are ∆η × ∆φ ' 0.1 × 0.13 for |η|<1.8
to ∆η × ∆φ ' 0.6 × 0.26 for the towers centered at
|η|=3.3. The corresponding PEM and PHA energy reso-
lutions are σ(ET )/ET = 14.4%/

√
ET (GeV) ⊕ 0.7% and

σ(ET )/ET = 74%/
√
ET (GeV) ⊕ 4%, respectively [11].

The wall hadron calorimeter (WHA) covers the gap in ac-
ceptance between the central and plug hadron calorime-
ters, corresponding to 0.7<|η|<1.3, with segmentation
similar to that of the central calorimeter. The energy
resolution of WHA is σ(ET )/ET = 75%/

√
ET (GeV) ⊕

4% [10] for charged pions that do not interact in the
electromagnetic section. A system of Cherenkov coun-
ters [12], located around the beam pipe and inside the
plug calorimeters, is used to measure the number of in-
elastic pp̄ collisions per bunch crossing and thereby the
luminosity.

The diboson signal (WW,WZ, and ZZ) is simu-
lated using the pythia v6.2 Monte Carlo generator [13].
The most significant backgrounds to the diboson sig-
nal are W (lν̄)+jets, Z(νν̄)+jets, and QCD multijet pro-
duction (in the following referred to as multijet back-
ground or MJB). Other less significant backgrounds in-
clude Z(ll̄)+jets, tt̄, and single t-quark production. The
W+jets backgrounds are simulated using the fixed-order
matrix element generator alpgen v2.1 [14] which is in-
terfaced with pythia v6.3 to simulate parton showering
and fragmentation, the underlying event, and additional
pp̄ interactions in the same bunch crossing. The Z+jets
and t-quark production processes are simulated with
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pythia v6.2. The detector response in all Monte Carlo
samples is modeled by a geant-based CDF II detector
simulation [15]. The MJB does not typically result in sig-
natures of large intrinsic E/T . However, when jet energy is
not measured accurately an event may be reconstructed
with large E/T and pass the analysis selection criteria. Be-
cause of the large multijet production rate, this can still
be a significant background in a E/T +jets based analysis.
The MJB is determined from the data. All other back-
ground predictions are normalized using next-to-leading-
order (NLO) calculations for SM cross sections.

The selection of signal events proceeds as follows: a
set of E/T -based triggers select events with a variety
of E/T and jet requirements. All these triggers have
benefited significantly from the calorimeter trigger up-
grade completed in 2007 [16]. The majority (94%) of
events satisfy the inclusive E/T trigger which requires
E/T>45 GeV. Jets are reconstructed in the calorimeter
using the jetclu cone algorithm [17] with a cone ra-
dius of 0.4 in (η, φ) space. The energy measured by the
calorimeter is corrected for effects that distort the true
jet energy [18]. Such effects include the non-linear re-
sponse of the calorimeter to particle energy, loss of en-
ergy in uninstrumented regions of the detector, specta-
tor interactions, and energy radiated outside of the jet
cone. We select events that have E/T>60 GeV [19] and
exactly two jets with ET>25 GeV and |η|<2.0. This
ensures a trigger efficiency of 96%±2% on signal. We
search for diboson production in the dijet mass range
40<Mjj<160 GeV/c2. The lower edge of the mass range
is chosen to ensure that events are on the trigger effi-
ciency plateau with respect to dijet mass. In addition
to the requirements discussed above, the electromagnetic
fraction of the total energy for each of the two jets is re-
quired to be less than 90% to ensure that electrons and
photons are not counted as jets.

In order to suppress the MJB we use a E/T resolution
model to distinguish true E/T originating from undetected
neutrinos from fake E/T due to jets that are not measured
accurately. The E/T significance is a dimensionless quan-
tity based on the energy resolution of the jets, on soft
unclustered particles, and on the event topology; details
of its definition can be found in Ref. [20]. The E/T signif-
icance is typically low when E/T arises from mismeasure-
ment. In addition to having a small significance, the ~E/T

will often be aligned with a jet. We select events with E/T

significance larger than 4 and azimuthal angle between
~E/T and nearest jet (∆φjet

E/T
) greater than 0.4 radians.

Finally, we apply several requirements that suppress
contamination due to cosmic-ray, beam-related, and
other non-collision backgrounds. Events are required to
have at least one reconstructed vertex formed by charged
particle tracks. The transverse energies of all calorime-
ter towers are calculated with respect to the z position
of the primary vertex with the largest

∑
pT of associ-

ated tracks. The electromagnetic fraction of the total
event energy has to be larger than 30% in order to re-
duce beam-related backgrounds. The arrival time of both
leading jets as measured by the electromagnetic shower
timing system [21] has to be consistent with the pp̄ col-
lision time. The remaining non-collision background has
a smooth Mjj distribution and accounts for less than 90
of the 44,910 selected events.

The shape and normalization of the MJB are deter-
mined from the data. A vector, ~p/T , analogous to the
calorimeter-based ~E/T , is constructed from the vector
sum of the transverse momenta of particles measured
in the tracking system, and is largely uncorrelated to
~E/T for events where jets are not reconstructed accu-
rately. In the absence of E/T arising from mismeasure-
ment in the calorimeter, the ~E/T and ~p/T will be aligned
in most events. The MJB is expected to be the dominant
background component at larger values of ∆φ(~E/T ,

~p/T ).
The dijet mass shape and normalization for the remain-
ing MJB contribution in the sample is found by select-
ing events with ∆φ(~E/T ,

~p/T )>1.0 and subtracting out the
non-MJB backgrounds. The normalization is scaled up
to account for the MJB contamination in the region
∆φ(~E/T ,

~p/T )<1.0. The shape of the MJB is fit to an expo-
nential in Mjj to derive a dijet mass template. The MJB
shapes of Mjj and ∆φ(~E/T ,

~p/T ) distributions are verified
with a large statistics MC sample.

The signal extraction is performed using a minimiza-
tion of the unbinned extended negative log likelihood
with RooFit program [22]. Three Mjj template distri-
butions are used in the fit: the first is V+jets and t-quark
production (in the following referred to as “electroweak”
(EWK) backgrounds) and is taken from Monte Carlo sim-
ulation; the second is the MJB template, where the slope
and normalization are Gaussian constrained to their pre-
viously measured values; the third template describes the
signal. The signal shape is comprised of the WW, WZ,
and ZZ distributions. This template is obtained from a
Gaussian+polynomial fit to the signal Monte Carlo sim-
ulation where the mean and the width of the Gaussian
distribution are linearly dependent on the jet energy scale
(JES).

To assess the effect of systematic uncertainties on
the measurement, we address separately two classes of
sources: those that affect the signal extraction proce-
dure, and those that affect the signal acceptance in the
cross section calculation. The signal extraction system-
atic uncertainties come from uncertainties in signal and
background shapes. The shape uncertainties take into
account the effect of jet energy resolution (JER), JES,
MJB shape, and the shape of the EWK background. The
jet energy scale, and the shape and the normalization of
MJB, are treated as nuisance parameters in the fit and
Gaussian constrained to their independently measured
values. These uncertainties are therefore accounted for
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in the statistical uncertainty of the extraction.
The shape uncertainty for the EWK background is

determined by using γ+jets data [23] as an alternative
background model in the Mjj fit. All major non-MJB
backgrounds include a gauge boson accompanied by jets.
There are similarities between the γ+jets and V+jets
production; however, due largely to the mass difference
between the γ and the W/Z, the kinematics is not iden-
tical. To take this into account the γ+jets data are
weighted by the ratio of the dijet mass distributions of the
EWK background MC samples to γ+jets pythia sam-
ple. We use these adjusted γ+jets data to determine a
systematic uncertainty on the EWK Mjj template. Se-
lection cuts applied to γ+jets events are not identical to
those applied to the E/T +jets sample. For example, the
Z decay into neutrinos will register as E/T in the detector,
while the photon ET will be measured in the calorimeter.
For this reason we cut on the vector sum of the photon ET

and any E/T present in γ+jets events at 60 GeV, treating
this sum as analogous to E/T in V+jets events. A further
consideration in the construction of the γ+jets template
is the effect of γ+V events, as these events will cause
a peak in the γ+jets dijet mass distribution. We sub-
tract this contribution using the γ+V pythia sample.
Finally, we perform two signal extraction fits using the
default EWK and γ+jets templates, respectively. The
uncertainty due to the shape of the EWK background is
then estimated as the difference in the results obtained
from these two fits. The described method accounts for
a combined effect of JES, JER, and modeling of jets in
MC on the EWK Mjj template.

The uncertainty associated with the JES is the domi-
nant source of systematic uncertainty on the acceptance,
and, therefore, the cross section. The JES affects sev-
eral of the variables used in the event selection. The
effect of the JES systematic uncertainty is quantified by
varying the jet energies in the signal Monte Carlo simula-
tion to account for the ±1σ variations of the JES. Other
less significant sources of systematic uncertainty that af-
fect the measured cross section are jet energy resolution,
initial and final state radiation (ISR/FSR), and parton
distribution functions (PDF). A summary of all sources
of systematic uncertainty is presented in Table I.

The measured yields for signal and backgrounds are
given in Table II. We extract 1516±239(stat)±144(syst)
signal events which correspond to a cross section of
18.0 ± 2.8(stat) ± 2.4(syst) ± 1.1(lumi) pb, in agreement
with the SM prediction of 16.8±0.5 pb obtained using the
mcfm v5.4 program [24] with CTEQ6.1M PDFs [25].
Based on the MC simulation, the acceptances for the
WW , WZ, and ZZ production is 2.5%, 2.6%, and 2.9%,
respectively. In the calculation of the combined diboson
cross section, we assume that each signal process con-
tributes proportionally to its predicted SM cross section:
11.7 pb for WW , 3.6 pb for WZ, and 1.5 pb for ZZ.

Figure 1 shows a comparison between the observed

∆φjet
E/T

distribution and the MJB and EWK (sig-
nal+background) components. This distribution pro-
vides a strong consistency check on our MJB model. Fig-
ure 2 shows the fit result and a comparison between the
expected signal and data after background subtraction.
We bin the data as in Fig. 2 and obtain a χ2 of 9.4 for 9
degrees of freedom corresponding to a p-value of 40%.

In summary, we use the E/T +jets final state to measure
the WW+WZ+ZZ cross section in pp̄ collisions at

√
s =

1.96 TeV to be 18.0±2.8(stat)±2.4(syst)±1.1(lumi) pb.
This is consistent with the SM prediction of 16.8±0.5 pb.
To assess the strength of the observed signal, the ef-
fect of parameter variations due to all relevant sources
of uncertainty are studied by comparing the likelihood
of background-only fit with the full fit result, and con-
verting the difference into significance numbers. We thus
measure that the signal corresponds to a significance of at
least 5.3 standard deviations from the background-only
hypothesis.

TABLE I: The systematic uncertainties and their effect on
the number of extracted signal events, the acceptance, and
the cross section. All systematics are added in quadrature.

Systematic % uncert.

Extraction
EWK shape 7.7
Resolution 5.6
Total extraction 9.5

Acceptance

JES 8.0
JER 0.7
E/T resolution model 1.0
Trigger inefficiency 2.2
ISR/FSR 2.5
PDF 2.0
Total acceptance 9.0
Luminosity 5.9
Total 14.4

TABLE II: Value of parameters in the model used to fit the
Mjj distribution. 1516±239(stat) signal events are extracted
from the 44,910 data events which pass our selection cuts.
The jet energy scale is also extracted from the fit and agrees
well with the default value (1.0) as measured from calibra-
tions [18].

Parameter Fitted value
Jet energy scale, JES 0.985± 0.019
Yield of EWK background events 36, 140± 1230
Yield of MJB events 7249± 1130
Yield of diboson candidates 1516± 239
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