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The measurement of diboson production in proton anti-pretlisions at a centre-of-mass en-
ergy of\/s=1.96 TeV at the Tevatron in Run Il is presented in this reporasSfsection measure-
ments and limits on cross sections for diboson productiae baen reported by the experiments
CDF and D@ for the final states WW, WZ, ZZ, Wand Zy. The results are also interpreted as
searches for anomalous couplings which would lead to are&ser of events with large trans-
verse momenta of the gauge bosons. All measured crossreeati® in good agreement with the
theoretical predictions.

The Lagrangian in the Standard Model (SM) to describe the WWiAVEVy vertices, including
only the C and P conserving couplings, is given by:

Av
Lwv ~ Gy (Wi, WHVY —WIV,WHY) + k WIWVHY v (WAT“W#V"A ),

whereV = Z or y. Five of these couplings are CP conserving and their value¢se SM are:
Az=Ay=0,Akz =0k, =0 (Ak =k —1)andAg =0 (Ag}=g:—1). Any deviation from
the SM value is called anomalous coupling.

Vertices with three neutral gauge bosons, e.gy,Z#e forbidden in the SM. An observation of
such would be a sign for physics beyond the SM. The non-SMlocwgcan be characterised
by an effective Lagrangian with 8 form-factor coupling paegers called,hy,hY,hY where V
stands fory or Z. The couplingsh\l’ andh\z’ are CP violating while the other four couplings are CP
conserving. In the SM all of these couplings are equal to.zero

When comparing the limits on anomalous couplings from theaifewn with those from LEP, the
limits from LEP are stronger in most cases. The limits¥randh), from the Tevatron are better
though.
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1. Introduction

Diboson production is an important test of the Standard Model (SM) asodtgeenon-abelian
component self interactions of gauge bosons are possible. The meastd total and differential
cross sections in diboson final states is also sensitive to anomalous, i.m thetSM allowed,
couplings. The existence of such couplings would in general lead tocasexf events with large
transverse momenta of the gauge bosons.

Further, diboson final states are also possible final states from Higgs lolecays and have to
be understood before any discovery of the Higgs boson could be claimed

2. WW Production

WW production is observed in the dilepton final state where both W bos@ay teptonically.
Only decays into first or second generation leptons are consideredanahgses. WW production
has contributions from diagrams with triple gauge couplings WWZ andyWWe cross section
for this process is predicted in next to leading order to b& 2.8 pb [1]. The results from
CDF [2] and D@ [3] are shown in Figure 2. DJ observes in a data set withtagrated luminosity
of 240 pb ! 25 events with a background expectation df-8 0.85+ 0.5(lum) events. This corre-
sponds to a measured cross section ef 13.8"%3(stay *53(sysy + 0.9(lum)pb. The significance
of this measurement is 5&.

CDF has also started an analysis with one W boson decaying hadronicatlyebstatistical
significance for the measurement of the cross section of this analysis thesltwger background
contribution is less than that of the dilepton analyses. Final states from \bigtion, where
the Z boson decays hadronically, are also selected. Using this anabesishas for anomalous
couplings in WW and WZ production have been performed by analysingahswerse momentum
spectrum of the W bosons, shown in Figure 1. From this, limits for the anosalmuplings of
—0.42< Ak <058 —0.32< A <0.35 at 95% CL. have been determined.
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Figure 1. Left: Transverse momentum distribution of the W boson. Adtptical signal for couplings of
A = Ak =0.5isincluded. The data are the triangles. Right: 2D limit jplo the anomalous couplings.
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3. WZ and ZZ Production

When investigating final states with one W and one Z boson only a single triplgegaou-
pling, WWZ, contributes. At the Tevatron this vertex is measured indepelyder the first time,
as at LEP it was probed only in combination with the WWWertex. This process has a small cross
section of 37+ 0.1 pb and is observed in the trilepton final ste¢éeeeeu,eup, uup), where both
gauge bosons decay leptonically. The advantage of the pure leptoristitais the very low
expected background but the branching ratio of about 1.5% resulténadstow signal rate. D@
observes in a data set with an integrated luminosity of about 300 ®kvents [4], requiring three
leptons € or u) with pr > 15 GeV and a missing energy greater than 20 GeV. The backgrounc
expectation for this data set is®1 £ 0.08 events with the main background stemming from Z+jets
events. The measured cross section. s 313 (stat + syst) pb. The probability of the background
of 0.71 events to fluctuate to the three observed events is 3.5%. Limits on amsmalgplings are
derived as no deviation from the SM is observed. The limits for the absclites ofAz, Agf and
Akz are all around 0.5 at 95% CL fdx = 1.5 TeV.

The process of ZZ production has an even smaller cross section thanr@ddction and
has therefore not yet been observed at the Tevatron. CDF hasabsiar}5] that measures the
processes WZ and ZZ production in final states with two, three or fouigeddeptons. They
observe 3 events with a background expectations@iD.2 events for an integrated luminosity
of 194 pb . The upper limit on the cross section for WZ and ZZ production is 15.2 pb%t©L.

4. Wy and Zy Production

WYy production can occur either by the radiation of a photon in the initial or fitze sor
via a WWy vertex. The cross section for this process depends on the cuts thapgied to
the photon. CDF measures the cross section times branching ratio for teeetiss energy of
the photon of more than 7 GeV and the separation of the lepton and the pHafd®(®y) =
VvV (Ne—ny)2+ (@ — @)2 > 0.7 to bed x BRW — ¢v) = 181+ 3.1 pb [6] which is in good
agreement with the theoretical prediction at next to leading order &#9.4 pb. The main
background stems from jets that are misidentified as photons. This misideitificate depends
strongly on the jet momentum and is measured in data.

The spectrum of the transverse energy of the photon for similar cuts isineedsy D@. Only
a single triple gauge coupling contributes to this final state and limits for the folipeaniplings
have been derived at 95% CL [7/4:0.88 < Ak, < 0.96, —0.20< A, < 0.20.

In the SM triple gauge couplings between neutral gauge bosons aiédenb For the ¥ final
state the photon can therefore only be emitted from a fermion in the initial orstiatd. This can
be seen in Figure 2 where either the invariant mass of the two leptons fromtibson decay or
of the two leptons and the photon cluster at the Z boson mass. For low momenéapdfoton the
two masses are very similar, resulting in the diagonal line of events.

The Zy final state is observed in the leptonic decay of the Z boseu(). Lower masses
are cut away by requiringn(¢¢) > 40(30) GeV by CDF (D@). CDF observes 71 events in an
integrated luminosity of about 200 pbwith only 4.9 background events. The measurement of
0 xBR(Z — (t¢~) = 4.5+ 0.3 pb [6] agrees well with the SM prediction of64- 0.6 pb.
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Figure 2: Left: Invariant mass of the two leptons and the photons vedhthe two leptons in ¥ events.
Right: Summary of all single and diboson production crasstien measurements (or upper limits on cross
sections) and the theoretical predictions.

D@ interprets their measurement of the transverse energy spectrumpifdten for the ex-
istence of anomalous couplings. The limits found are very similar for the CBecang and CP
violating couplings [8]:|hYy 50l < 0.23,  |hy, 40| < 0.019. The limits orhy andhy are stronger
than those from LEP [9]. /

5. Summary

Diboson production has been studied at the Tevatron in Runll by the @DP& experi-
ments. WW production has been established for the first time at a hadrorecolidr WZ and
ZZ production upper limits have been derived. As no deviations from thén&M been observed,
limits on anomalous couplings are given.
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