
DiBosons at Tevatron 
Vadim Rusu

Fermilab



Vadim Rusu - Dibosons at TevatronMoriond QCD 2010

Dibosons

Direct probe into the gauge structure of  the SM

Rich phenomenology with well calculated 
predictions:

• zero triple neutral gauge coupling

• radiation-amplitude zero

Must-do preliminary for the Higgs

Benchmark for experimental capabilities

Dibosons final states ~ Higgs final states

  New Physics effects 

new couplings
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Dibosons at Tevatron

Standard Model saga

Higgs = the final chapter
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Tevatron Experiments

Multipurpose 
HEP detectors

broad physics 

80-90% eff.

Running in 2011 10-12fb-1/exp.

Process Events in 5fb-1

WW→lνlν 2720

ZZ->llll 30

Zγ->llγ 1485

WZ→lνbb 599

WH→lνbb 158

Available analyzable data: 6fb-1/exp

Showing here 1-5fb-1 analyses

pp collider
√s=2TeV

−
−
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WW

Two isolated leptons and large MET

Easiest to observe

Important background for the H→WW

 Results:

CDF: 12.1±0.9(stat)±1.6±1.4(syst) pb

• arXiv:0912:4500

D0: 11.5±2.1(stat+syst)±0.7 (lumi) pb

• PRL 103, 191801 (2009)

NLO theory: 11.66±0.7 pb
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WW and TGC
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CDF Preliminary Results at 3.6fb−1

Λ λZ ∆gZ
1 ∆κγ

2.0TeV (-0.14,0.15) (-0.22,0.30) (-0.57,0.65)
1.5TeV (-0.16,0.16) (-0.24,0.34) (-0.63,0.72)

DØ Results at 1.0fb−1

Λ λZ ∆gZ
1 ∆κγ

2.0TeV (-0.14 , 0.18) (-0.14 , 0.30) (-0.54 , 0.83)

1

6

Parameterization from Hagiwara et al
PRD 48 2182
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be described [1, 2] using a Lorentz invariant e!ective La-
grangian that contains fourteen dimensionless couplings,
seven each for WW! and WWZ. Assuming electromag-
netic gauge invariance and CP conservation reduces the
number of independent couplings to five (electromagnetic
gauge invariance requires g!

1 = 1), and the Lagrangian
takes the form:

LWWV

gWWV
= igV

1 (W †
µ"WµV " ! W †

µV"Wµ")

+ i"V W †
µW"V µ" +

i#V

M2
W

W †
#µWµ

"V "#

where Wµ denotes the W boson field, Wµ"=$µW" !
$"Wµ, Vµ" = $µV" ! $"Vµ, V =! or Z, and MW is the
mass of the W boson. The global coupling parameters
gWWV are gWW!=!e and gWWZ = !e cot%W , as in the
standard model (SM) in which e and %W are the magni-
tude of the electron charge and the weak mixing angle, re-
spectively. In the SM #!=#Z=0 and g!

1=gZ
1 ="!="Z=1.

For convenience, anomalous trilinear gauge couplings
(anomalous TGCs) ""V and "gZ

1 are defined as "V ! 1
and gZ

1 ! 1, respectively.
The W boson magnetic dipole µW and electric

quadrupole qW moments may be expressed in terms of
the coupling parameters as

µW =
e

2MW
(g!

1 + "! + #!)

qW = !
e

M2
W

("! ! #!)

As mentioned above, g!
1=1.

If the coupling parameters have non-SM values then
the amplitudes for gauge boson pair production grow
with energy, eventually violating tree-level unitarity. The
unitarity violation can be controlled by parametrizing the
anomalous couplings as dipole form factors with a cut-
o! scale, #. The anomalous couplings then take a form
a(ŝ) = a0/(1 + ŝ/#2)2 in which

"
ŝ is the center-of-mass

energy of the colliding partons and a0 is the coupling
value in the limit ŝ # 0 [3]. The quantity # is physically
interpreted as the mass scale where the new phenomenon
responsible for the anomalous couplings is directly ob-
servable. The cuto! # is conservatively set at the limit
of sensitivity, close to the collision center-of-mass energy.
We use # = 2 TeV; coupling limits depend only weakly
on # for # > 1 TeV in hadronic collisions at Tevatron
energies.

We measure the electroweak coupling parameters
through the study of gauge boson pairs. Several pro-
cesses contribute to SM boson pair production. Fig. 1(a)
shows t-channel production of dibosons in which V1V2 are
WW , WZ, or W!. The s-channel production shown in
Fig. 1(b) involves boson self-interactions through a tri-
linear gauge vertex. Final states (V1V2) produced via the
WWZ coupling are WW or WZ. Final states produced

q V1

q̄ V2

V0

q V1

q̄ V2(a) (b)

FIG. 1: Vector boson pair production via (a) t-channel and
(b) s-channel diagrams. For V1 = W and V2 = !/Z, V0 = W .
For V1 = V2 = W , V0 = !/Z.

through the WW! coupling are WW or W!. The typical
e!ect of anomalous TGCs is to increase the cross section
especially at high boson transverse momentum (pT ). We
thus analyze corresponding observables to measure such
e!ects.

Previously published limits on anomalous TGCs from
a combination of channels come from the D0 Collabora-
tion in the 1992-1996 Tevatron run with integrated lumi-
nosity (L) of 100 pb!1 [4], the CDF Collaboration with
the current Tevatron run (L$350 pb!1) [5], and LEP2
experiments [6]. The best previously published W boson
magnetic dipole moment result is from a combination of
measurements by the DELPHI Collaboration [7].

In this Letter, we investigate the WW! and WWZ tri-
linear vertices through diboson production. We set limits
on the non-SM or anomalous TGC parameters #V , ""V ,
and "gZ

1 . These limits are derived from a combination
of previously published measurements involving four final
states: W!#&'! [8], WW#&'&"' [9], WZ#&'&"&̄" [10],
and WW/WZ#&'jj [11], in which & is an electron or
muon, ' is a neutrino, and j is a jet. Each measure-
ment used data collected by the D0 detector [12] from
pp̄ collisions at

"
s = 1.96 TeV delivered by the Fermilab

Tevatron Collider.
The process W!#&'! is sensitive only to the WW!

coupling. The process was studied with data corre-
sponding to 0.7 fb!1 [8]. The main requirements were
an electron with transverse energy ET >25 GeV or a
muon with transverse momentum pT >20 GeV, a pho-
ton with ET >9 GeV, missing transverse energy E/T >25
(20) GeV for the electron (muon) channel, and separa-
tion between the photon and lepton in (!) [13] space
of "R=

!

("()2 + ("))2>0.7. Furthermore, to sup-
press final state radiation the three-body transverse mass
[14] of the lepton, photon, and E/T was required to ex-
ceed 120 (110) GeV for the electron (muon) channel.
In total 180 (83) candidate e'! (µ'!) events were ob-
served. After subtracting backgrounds, the signal was
130±14stat±3.4syst (57±8.8±1.8) events, consistent with
the SM prediction of 120±12 (77±9.4) events for the e'!
(µ'!) channel. The photon ET spectra of the W! can-
didates in the data and those estimated for the back-
grounds are input into the combination. For W! pro-
duction in the presence of TGCs, spectra were simulated
using the Baur Monte Carlo (MC) [15, 16] with a fine
grid in #!!""! space.
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ZZ

Four leptons final state
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NLO: 1.4±0.1pb

the previous section. This error contributes mainly to the sensitivity determination while
it has a limited impact to the cross section measurement given the small number of
background events.

The systematic uncertainties due to the lepton ID e!ciencies are calculated varying
coherently the lepton ID scale factors by 1! for each lepton and counting the number of
expected events. From a signal MC sample we found a variation of ±3.6% and we take
this as systematic error.

The uncertainties due to trigger e!ciency are calculated by varying trigger scale factor
for the triggerable(s) lepton(s). We found a variation of ±2.1% We evaluated also the
contribution of the ET threshold of the electron trigger by lowering it to 16 GeV/c2

instead of the nominal 20 GeV/c2 in the triggerable definition. We found anyway this
correction to be negligible in the total trigger e!ciency systematics (<0.1 %) and so we
didn’t included.

A systematic of ±6% is used on the total luminosity, as done in all the CDF analysis.
We assigned an uncertainty of ±10% to the theoretical ZZ production cross section

following the theoretician calculations when we evaluated the expected number of events
while an error of ±10% is caused by the variation of the acceptance when ZZ signal is
generated with MC at the Next to Leading Order . A systematic of 2.7% is added due to
the Parton Distribution Functions (PDF) limited knowledge.

7 Results

In L = 4.8 fb!1 we expect 4.68 ± 0.76 events; we observed 5 events with 4.15 ±
1.62(stat) ± 2.87(syst)·10!2 expected background events. The scatter plot in figure 2
shows the invariant mass distribution of the two lepton for sub-leading PT Z0 versus the
invariant mass distribution of the two lepton for leading PT Z0 for data (blue stars) and
expected signal from MC (black box) with the small background contribution (red box).
Table 2 summarizes the number of events expected as signal and background and the
observed ones.

Events in L = 4.8 fb!1

Signal 4.68 ± 0.02(stat.) ± 0.76(syst.)
Z(")+jets 0.041 ± 0.016(stat.) ± 0.029(syst.)

Total expected 4.72 ± 0.03(stat.) ± 0.76(syst.)
Observed 5

Table 2: Summary of the number of expected and observed signal and background events.

The significance of the signal is 5.70 ! and it is calculated by using the probability to
have a number of events equal or greater than those observed as statistical and systematic
fluctuations of the estimated background. Figure 3 shows the probability distribution

7
!ZZ = 1.56+0.80

!0.63(stat.) ± 0.25(syst.) (4)

in agreement with the previous measurements done by CDF [3] and D0 [6] and with
the theoretical expectation: !ZZ = 1.4 ± 0.1 pb.
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Z+γ

Two leptons and a high ET photon

FSR and ISR only

New physics can contribute

H→Zγ

σ=4.6±0.2(stat)±0.3(syst)±0.3(lumi)pb

NLO = 4.5±0.4pb )2 (GeV/cllM
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CDF Z! Production

!Search for Z ! with
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!SM Z ! production:
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!No direct Z-!
coupling in
Standard Model
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Anomalous
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Add MET channel

Z→νν+photon

MET+photon final state

TGC in high Et photons
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three improvement over the results published in Ref. [6].
The limits on the hZ

30, hZ
40, and h!

40 couplings improve
on the constraints from LEP2, and are the most restric-
tive to date. The limits on the CP-violating couplings hV

10

and hV
20 are, within the precision of this measurement, the

same as the limits on hV
30 and hV

40, respectively. Hence,
we can constrain the strength of the couplings but not
the phase. As the described method is sensitive only to
the magnitude and the relative sign between couplings,
the one- and two-dimensional limits are symmetric with
respect to the SM coupling under simultaneous exchange
of all signs. The 95% C.L. one-dimensional limits and
two-dimensional contours are shown in Figs. 2a and 2b
for the CP-conserving Z!! and ZZ! couplings, respec-
tively.
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FIG. 1: Photon ET spectrum in data (solid circles), sum of
backgrounds (dash-dot line), and sum of MC signal and back-
ground for the SM prediction (solid line) and for the ATGC
prediction with h!

30 = 0.09 and h!
40 = 0.005 (dashed line).

The shaded band corresponds to the ± 1 s.d. total uncer-
tainty on the predicted sum of SM signal and background.

In summary, we observe 51 ""̄! candidates with
17.3 ± 0.6(stat.) ± 2.3(syst.) background events us-
ing 3.6 fb!1 of data collected with the D0 detector at
the Tevatron. We measure the most precise Z! !
""̄! cross section to date at a hadron collider of 32 ±
9(stat. + syst.)±2(lumi.) fb for the photon ET > 90 GeV,
in agreement with the SM prediction of 39 ± 4 fb [17].
The statistical significance of this measurement is 5.1 s.d.,
making it the first observation of the Z! ! ""̄! process
at the Tevatron. We set the most restrictive limits on
the real parts of the anomalous trilinear gauge couplings
at hadron colliders at the 95% C.L. of |h!

30| < 0.033,
|h!

40| < 0.0017 and |hZ
30| < 0.033, |hZ

40| < 0.0017. Three
of these limits are world’s best to date. These limits ap-
proach the range of expectations for the contributions
due to one-loop diagrams in the SM [1, 2].
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FIG. 2: Two-dimensional bounds (ellipses) at 95% C.L. on
CP-conserving (a) Z!! and (b) ZZ! couplings. The crosses
represent the one-dimensional bounds at the 95% C.L. setting
all other couplings to zero. The dashed lines indicate the
unitarity limits for ! = 1.5 TeV.
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TGC with Z+γ

CP: h1, h2

CP: h3, h4 

Parameterization from Gounaris et al
PRD 62 073012

17

CDF Require a JP Photon

!Require a Joint-Physics Photon with ET
! > 50 GeV

"ET
! distribution matches MC in control region

"Expected AGC limits have a broad minimum near 50 GeV
New CDF analysis optimized threshold

31

CDF Measured 1D AGC Limits

4 3 DATA AND MONTE CARLO SAMPLES

Figure 3: The general neutral gauge boson vertex V1V2V3 [6].

The relation of the couplings to physical quantities are as follows [6]:

µZ =
−e√
2mZ

E2
γ

m2
Z

(hZ
1 − hZ

2 ) Qe
Z =

2
√

10e

m2
Z

hZ
1

dZ =
−e√
2mZ

E2
γ

m2
Z

(hZ
3 − hZ

4 ) Qm
Z =

2
√

10e

m2
Z

hZ
3

where µ and d are the magnetic and electric dipole moments of the Z boson respectively.
And Qm and Qe are the quadrupole moments of the Z boson.

The anomalous couplings terms rise as the center-of-mass energy (ŝ) increases and
eventually the cross section amplitude violates tree-level unitarity (conservation of
probability). This can be avoided by introducing form factors that decrease with ŝ:

hV
i (ŝ) =

hV
i0

(1 + ŝ
Λ)n

(1)

where Λ is the energy scale of new physics contributing to the anomalous couplings. Λ
= 1.2 TeV is chosen in our measurement. n = 3 for hV

1,3 and n = 4 for hV
2,4 are chosen

to ensure that unitarity is preserved [3].

2.1 Current Limits on ZZγ and Zγγ Couplings

The current published limits on these couplings are summarized in Table 1. The results
from the D0 experiment are currently the most stringent published limits.

Previous CDFII studies set limits on anomalous Zγ coupling using 1 to 2 fb−1 ??.
The most recent CDF limits on anomalous Zγ couplings are shown in Table 2.

3 Data and Monte Carlo Samples

We use StNtuples to access the high-PT muon dataset. The high PT electron datasets
bhel0d-m and bhmu0d-m are used in this analysis. The total integrated luminosity of
the data is 5.1 fb−1, as the intersection of the GRLs without the good silicon require-
ment is used.

4 3 DATA AND MONTE CARLO SAMPLES

where µ and d are the magnetic and electric dipole moments of the Z boson respectively.
And Qm and Qe are the quadrupole moments of the Z boson.

The anomalous couplings terms rise as the center-of-mass energy (ŝ) increases and
eventually the cross section amplitude violates tree-level unitarity (conservation of
probability). This can be avoided by introducing form factors that decrease with ŝ:

hV
i (ŝ) =

hV
i0

(1 + ŝ
Λ)n

(1)

where Λ is the energy scale of new physics contributing to the anomalous couplings. Λ
= 1.2 TeV is chosen in our measurement. n = 3 for hV

1,3 and n = 4 for hV
2,4 are chosen

to ensure that unitarity is preserved [?].

2.1 Current Limits on ZZγ and Zγγ Couplings

Experiment LEP II D0 CDF (+MET) D0(+MET)
Luminosity(fb−1) 0.7 1.1 1.5 3.6

hZ
3 -0.20, 0.07 -0.083, 0.082 -0.05, 0.05 -0.033, 0.033

hZ
4 -0.05, 0.12 -0.005, 0.005 -0.0034, 0.0034 -0.0017, 0.0017

hγ
3 -0.049, 0.008 -0.085, 0.084 -0.051,0.051 -0.033, 0.033

hγ
4 -0.02, 0.034 -0.005, 0.005 -0.0034, 0.0034 -0.0017, 0.0017

Table 1: 95% C.L. limits on Zγ anomalous couplings.

The current published limits on these couplings are summarized in Table 2. The
results from the D0 experiment are currently the most stringent published limits.

Previous CDFII studies set limits on anomalous Zγ coupling using 1 to 2 fb−1 ??.
The most recent CDF limits on anomalous Zγ couplings are shown in Table 3.

3 Data and Monte Carlo Samples

We use StNtuples to access the high-PT muon dataset. The high PT electron datasets
bhel0d-m and bhmu0d-m are used in this analysis. The total integrated luminosity of
the data is 5.1 fb−1, as the intersection of the GRLs without the good silicon require-
ment is used.

Since anomalous couplings are expected to produce an excess of events at high Eγ
T

relative to the Standard Model, we select events with Eγ
T > 50 GeV; a study of the

placement of the cut in Fig. ??, shown later in the Note, indicates that the expected
limits are very insensitive to any choice≤ 100 GeV. We use the Joint-Physics definitions
for tight photons [?], and for leptons we require a leading lepton with ET > 20 GeV
and a second lepton with ET > 10 GeV. A ∆R > 0.7 requirement is placed between
the photon and the leptons. The lepton definitions are similar to the ones used by

9

Variable Measured Limits

h3Z -0.037,0.038

h4Z -0.0017,0.0017

h3γ -0.038,0.040

h4γ -0.0017,0.0017
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WW+WZ+ZZ

Jet final states are more difficult

Resolution much worse

Backgrounds much higher

More telling for Higgs

Similar final states

Results in 3.5 fb-1 

N=1516±239(stat)±144(syst)

5.3σ significance

σ = 18.0±2.8(stat)±2.4(syst)±1.1(lumi) pb

NLO=16.8±0.5 pb
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First observation of  VV->MET+jj

Challenging analysis

After the trigger the S/B=10-4

use sophisticated techniques 
for QCD rejection

QCD rejection

11
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WW+WZ

First evidence from D0

PRL 102, 161801 (2009)

Two CDF analyses

Matrix Element (ME) method

• 4.6 fb-1 of  data

• Fit event probability discriminant

• Based on ME calculation

• 16.5+3.3
-3.0(stat.+syst) pb

• 5.4σ signal significance

Mjj fit 

• 4.3 fb-1 of  data

• 18.1±3.3(stat)±2.5(syst)pb

NLO: 16.1±0.9pb 
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Combined ZWW and γWW TGC

Four channel combined:

WW+WZ→lν+jj - PRL 102, 161801 (2009)

WZ→lνl’l’ - PRD 76, 111104 (2007)

WW→lνl’ν - arVix:0904.0673[hep-ex]

Wγ→lνγ - PRL 100, 241805 (2008)

0.7-1.1fb-1 data
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FIG. 5: (a) The dijet pT distribution of combined (electron+muon) channels for data and SM predictions following the fit of
MC to data. (b) The di!erence between data and simulation divided by the uncertainty (statistical and systematic) for the
dijet pT distribution. Also shown are the MC signals for anomalous couplings corresponding to the 95% C.L. limits for "!
and " in the LEP parametrization scenario. The full error bars on the data points reflect the total (statistical and systematic)
uncertainty, with the ticks indicating the contribution due only to the statistical uncertainty.
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FIG. 6: The 68% C.L. and 95% C.L. two-parameter limits on the #WW/ZWW coupling parameters "!! , ", and "gZ
1 , in the

LEP parametrization scenario and #NP = 2 TeV. The dots indicate the most probable values of anomalous couplings from the
two-parameter combined (electron+muon) fit and the star markers denote the SM prediction.

SU(2)L⊗U(1)YSU(2)L⊗U(1)Y ZWW=γWWZWW=γWW

minimum 95%CL minimum 95%CL

Δkγ 0.07 -0.29, 0.38 0.03 -0.11, 0.18

g1Z 0.05 -0.07, 0.16 N/A N/A

λ 0.0 -0.08, 0.08 0.0 -0.08,0.08

μW 2.02 1.86, 2.16 2.02 1.88, 2.15

qW -1.02 -1.09, -0.91 -1.02 -1.16, -0.87

arXiv:0907.4952 hep-ex
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TABLE I: Summary of event yields. When uncertainties are
shown, the first is statistical and the second is systematic.
When only one uncertainty is shown, it is systematic.

e!" channel µ!" channel
Luminosity 720 ± 44 pb!1 660 ± 40 pb!1

Acceptance ! e!ciency 0.063 ± 0.003 0.045 ± 0.003
W + jet background 34 ± 3.8 ± 3.1 18 ± 2.9 ± 1.9
#eX background 17 ± 2.7 ± 1.3 2.7 ± 1.3 ± 0.2
W " $ background 1.1 ± 0.1 ± 0.1 1.4 ± 0.2 ± 0.1
Z" background — 3.8 ± 0.53 ± 0.42
Candidate events 180 83
Measured signal 130 ± 14 ± 3.4 57 ± 8.8 ± 1.8
SM prediction 120 ± 12 77 ± 9.4

with much looser requirements). A LO simulation [8] of
W! production is used, which includes the contributions
from initial and final state radiation as well as the WW!
trilinear vertex. To compensate for the e!ects of next-
to-leading order (NLO) corrections on the E!

T spectrum,
a NLO MC [9] is used, and an E!

T -dependent K-factor is
calculated and applied to the LO spectra. The detector
resolutions are applied using a parameterized simulation.

Electron and muon identification e"ciencies are deter-
mined with large Z ! ee or Z ! µµ samples from the
data. The photon detection e"ciency is determined by
the full geant [10] detector simulation and is verified
with Z! data. In these events, the photon is radiated
from a final state lepton and so the three-body mass of
the photon and the leptons should reconstruct the Z bo-
son mass. The reconstruction e"ciency from the geant
MC is scaled to match the measured e"ciency from the
Z! process in data. The acceptance times e"ciency val-
ues described here are shown in Table I.

Backgrounds to W! production include W + jet events
where the jet is misidentified as a photon; “"eX” events
with a lepton, electron, and E/T where the electron is
misidentified as a photon; Z! ! ""! events where a
lepton is lost; and W! ! #$!. The W + jet back-
ground dominates both channels and is determined from
data. The rate at which a jet is misidentified as a pho-
ton is calculated from a large multijet sample in which
the jets under study are required to have a large fraction
of their energy deposited in the electromagnetic layers
of the calorimeter. This rate is calculated as a function
of ET and %det. The rate is then applied to a normal-
ization sample of W + jet events where the jets satisfy
the same criteria as in the multijet sample. To deter-
mine the "eX background, the track isolation require-
ment is removed from the photon and a matched track
is required. The measured tracking e"ciencies are then
used to estimate this background contribution. The Z!
and W! ! #$! ! e(µ)$$! backgrounds are estimated
from MC. The Q" " #% distribution of the total back-
ground lacks any statistically significant structure. A
summary of the background estimates and the observed
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FIG. 1: The photon transverse energy spectra for the SM
(solid line), an anomalous coupling (AC) point (dashed line),
combined electron and muon channel data candidates (black
points), and the background estimate (shaded histogram).
Uncertainties are shown as error bars on the points, lines,
and histograms. The last bin includes overflows.
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FIG. 2: The ellipse is the 95% C.L. limit contour in %! # &!

space. One-dimensional 95% C.L. limits are shown as the
horizontal and vertical bars.

W! candidate events are shown in Table I.
Since the observed event yields are consistent with the

SM predictions, limits on anomalous WW! trilinear cou-
plings are determined using the combined E!

T spectrum
from both channels (Fig. 1). Limits are set by generat-
ing E!

T spectra for di!erent values of the coupling pa-
rameters &! and '! , and then calculating the likelihood
they represent the data. The 95% C.L. limit contour is
found numerically by integrating the likelihood surface
and finding the minimum contour that represents 95% of
the volume. One-dimensional 95% C.L. limits are calcu-
lated by setting one coupling parameter to the SM value
and allowing the other to vary. These limits, shown in
Fig. 2, are 0.49 < &! < 1.51 and #0.12 < '! < 0.13.
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Conclusions

Diboson physics a rich and interesting place

SM tests

Higgs benchmarks

New physics searches

Larger Tevatron datasets allows for more targeted 
searches 

New final states uncovered

1fb-1 at 7TeV ~ 3.5-5.5fb-1 at 2TeV

Tevatron still the place for SM dibosons in the coming years 
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